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Abstract

Abstract

University of Southampton
Faculty of Physical Sciences and Engineering

Department of Physics and Astronomy

On-chip Single-photon Sources for Quantum Information
Technology
Oliver Trojak

The interaction of light with matter is of fundamental importance, and is the
mechanism that governs how photons are generated and used. Control over this
interaction can be achieved by using an optical cavity, engineering the properties
of the material to create a photonic crystal, or by using plasmonic devices to
confine the electromagnetic field locally. Emitters can be coupled to devices with
high-quality light confinement to enhance the emission rates, creating brighter
light sources for detection, for contaminant sensing or for quantum information
technologies. Such technologies require bright and pure-single photon sources:
a solid-state platform can meet these requirements whilst also being compatible
with well-developed fabrication technologies and long-term stability.

We report metallic nanorings fabricated around selected solid-state quantum
dots, to enhance vertical emission for collection by free-space optics, using a
nanometre-accurate positioning technique. Enhancements of a single emission
line as high as ×25 are recorded thanks to a broadband lensing effect. Such
metallic nanorings can be combined with deterministically-deposited super-solid
immersion lenses, to provide further enhancement, ×10, to that of the nanoring
– creating photon sources with up to 1 MHz emission rates.

The light-matter interaction can be modified by using photonic crystals. The
performance of photonic crystal devices in the visible light regime is hampered
by unavoidable fabrication imperfections, which affect devices on the length-
scales required for visible light operation. An alternative to such highly engi-
neered devices is to use the fabrication disorder as a resource. Anderson local-
ization is demonstrated using photonic crystal waveguides, and directly imaged
for the first time in the visible on a nanophotonic chip. Spectral analysis shows
Q-factors approaching 10,000, exceeding highly engineered devices for the first
time. Optical sensing is demonstrated by making use of high-quality resonances
from photonic crystals to perform sensing: a contaminant was introduced, and
a resonance was shown to red-shift over ×100 its line-width in response. The
resonances are also sensitive to temperature, shifting about 2 nm under a 290 K
change.

An alternative localization mechanism is to use aperiodic structures, where
a quasi-random pattern is procedurally generated. We have fabricated and
optically characterised aperiodic structures, showing efficient light confinement
in a 2D system.

Index terms: Anderson Localization, Emission Enhancement, Light-Matter Interac-

tion, Metallic Nanorings, Optical Sensing, Photonic Crystals, Photonic Crystal Cav-

ities, Photonic Crystal Waveguides, Quantum Optics, Single Photon Sources, Solid

Immersion Lenses, Solid State Quantum Dots
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Chapter 1

A Retrospection

Let’s start at the very beginning,
a very good place to start.

Rodgers and Hammerstein
The Sound of Music (1959)

E
arly ideas on optics were developed in ancient Greece, with the atom-
ist and mediumist schools of thought competing with each other, a
competition that went substantially unresolved for ∼ 1, 000 years [2].
Empedocles and Democritus believed in the visual fire: a fire inside

the eye that went forth and interacted with objects (and rays from other fires,
such as the sun or candles) and returned to the eye, giving us vision. The com-
peting viewpoint was the atomist idea: that we perceive things as an interaction
of ‘atoms’ striking the object and then eye. Aristotle (a student of Plato, who
believed in the visual fire), reasoned that the visual fire would be unable to reach
the stars instantly, so rubbished the idea. He proposed that light rendered the
medium between the object and observer transparent. Despite differing ideas of
how light worked, there was an implicit understanding of geometric optics, this
was formalized by Euclid [3], and later extended by Ptolemy.

The ideas from ancient Greece went substantially unchallenged well into the
Medieval period, when Ibn al-Haytham (anglicised as Alhazen) published his
‘Book of Optics’ [4]; in which he argued that the emitted light from the eyes
was an unnecessary complication. He also argued that light had a finite speed,
developed early ideas about refractive indices, and used geometry to describe
refraction. Later scholars then extended his work and arrived at descriptions of
rainbow formation.

Optical theories progressed slowly until the 1600s, Kepler investigated the
functioning of the eye, tried to find an explanation for refraction[2]. He cham-
pioned the idea that light activated the colour of objects, instead of rendering
them transparent. In the late 1600s, Newton began his work on optics, culmi-
nating in his ‘Book of Opticks’ [5]. His experiments on refraction showed that
white light was made of indivisible colours [6], and his experiments on refrac-
tion led him to determine that refracting telescopes were inferior, and instead
invented the reflecting telescope. Despite observing the phenomena known as
‘Newton’s Rings’, he disregarded the wave explanation for the propagation of
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light. He later openly supported the corpuscular concept of light propagation
(analogous to modern photons), which became the dominant viewpoint for the
rest of the 1700s.

Huygens proposed a wave model of light in the 1670s [7], and it was this that
originally spurred Newton to publish his work. This described light propagation
in a manner identical to that of waves on the surface of a body of water. A
wavefront propagates by the radiation and interference of individual wavelets.
This was able to explain refraction, and a number of other interference phenom-
ena. In 1801 Young presented the Bakerian Lecture [8] in which he examined
the weight of evidence against the particle theory of light, including: the colours
of thin films and scattering from scratches, two things Newton was unable to
explain and glossed over; the existence of diffraction from edges, which Newton
incorrectly determined to be non-existent; and a wave-based explanation of the
Newton’s rings phenomena. This was met with consternation by the British
scientific establishment as Newton’s ideas were held in high regard over the im-
ported wave hypothesis. Young presented his famous double-slit experiment in
the Bakerian Lecture two years later in 1803 [9]; despite the most compelling
evidence for the wave description of light, some members of the scientific estab-
lishment remained unconvinced, such was the reputation of Newton.

The wave description of light was further cemented by Fresnel in 1818, in a
memoir he submitted to the 1819 physics Grand Prix; in which he was able to
fully explain: diffraction; the new experimental results on polarization; and the
birefringent behaviour of calcite (which despite being explicitly mentioned in the
title of Huygens work, was not adequately explained) [2]. Poisson, in an attempt
to discredit the wave hypothesis, found using Fresnel’s work that a bright spot
should appear in the centre of a shadow of a circular object – a clearly absurd
outcome! Experiments by Arago, confirmed the presence of this spot, and in so
proved that the wave hypothesis was able to predict unseen phenomena. The
wave hypothesis was fully formalized by Maxwell in 1865 [10], where he joined
together parallel work on electricity and magnetism; showing that they were
manifestations of a single electromagnetic field, which propagated at the speed
of light.

Throughout the history of the wave theory of light, it was universally agreed
that as a wave, there must be a medium of propagation – the luminiferous
æther. To allow light such a high speed this æther must be incredibly stiff,
yet pervade all of space – a very unusual set of properties. In 1887 Michelson
and Morley attempted to measure the speed of the Earth relative to this æther,
however they returned the now-famous null result [11]. As far as they could
tell, the æther was not moving regardless of how the Earth moved through it.
Either the universe was geocentric (which it clearly was not), or æther (and
subsequently a universal reference frame) did not exist. It was not until 1905
when Einstein proposed a description of a relativistic universe [12, 13], where
the speed of light is a constant upper limit on velocity, that this was æther
was completely dispensed with; relativity also proved to be compatible with
Maxwell’s equations anyway.

The wave theory was also being attacked from the other end of the size
scale. In 1900 Rayleigh proposed the λ−4 dependence of what is now called
the Rayleigh-Jeans law to describe the emission spectrum of light from hot
objects, black body radiation. This was an asymptotic description, where the
integral over the whole spectrum is infinite – a non-physical result. Planck
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proposed a new description in 1901 [14], where energy is exchanged with the
electromagnetic field in discrete packets of energy – quanta. This signalled the
start of the quantum age, and in 1905 Einstein proposed the existence of the
photon to explain the emission of cathode rays from charged surfaces under ultra
violet (UV) light – the photoelectric effect [15]. It was later proved that this can
be explained semi-classically with only quantized atomic energy levels [16], this
would have been known at the time, and shows that the scientific community
felt a need for the photon to exist. The final, no-strings-attached experimental
proof of the photon came in 1977, with single photon emission from Na atoms
[17].

Meanwhile the behaviour of previously deterministic particles was being
challenged. In 1923 de Broglie unified relativistic photon momentum with quan-
tum photon energy to produce the prediction of matter waves – wave-like be-
haviour of particle-like objects [18]. Also in 1923 Compton conducted X-ray
scattering experiments which showed the interaction of momentum between
photons and matter [19]. Then in 1927 G. P. Thomson showed that electrons
could be diffracted by thin films of metal, producing wave-like interference pat-
terns [20]1 [21]. This left our understanding of light and matter thoroughly
jumbled together, with both showing particle- and wave-like properties.

1Such a ground-breaking result was, initially, published as a rather short letter to the
editor, next to a letter complaining about misrepresentation of government committee reports;
a manner which resembles todays correspondence sections.
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Chapter 2

Light-Matter Interaction

“Since there’s no ending quote
mark, everything after this point
is part of my quote.

Randall Munroe

T
he interaction of light with matter is is fundamental to photonics, as
this is how photons are generated, detected and put to work. The
modern picture evolved out of the photoelectric effect [15], where
photons interacted with a quantized atom. This was later refined to

utilize advances in quantum theory [22], where the interaction can be modified.
Things have progressed, with artificial atoms providing more ways of control-
ling the interaction, whilst opening up advances in solid-state fabrication to
photonics. Key to all of this is the photon.

2.1 Single Photons

2.1.1 Photon Statistics

Before we begin discussing the intricacies of different single photon sources and
their applications it should first be established: what is a single photon and how
this differs from classical light.

Let the experiment in Figure 2.1 be considered: a light beam incident on a
single-photon sensitive detector, with suitable counting electronics. Within any
given time window, t (as shown), a number of photons fall onto the detector and
are registered as a detection; in the schematic this is shown as a distance. The
average number of counts is determined by the beam intensity, with the count
rate fluctuating around this value. A näıve interpretation is that as the detector
can resolve single photons, we now have proof that the incident beam is made up
of single photons; however, the devil is in the detail. In this case, the detector
is not photon number resolving; it does not tell you how many photons it has
detected, just that there was something to detect. So in the time-window t, 8
photons would fall upon the detector, and a single count would be registered.

We can now examine what happens if we try to create what intuitively
appears to be an obvious single photon source, a very dim light source. To
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Counter

Laser

t

F

Figure 2.1: Schematic of a coherent light source emitting photons, which are directed
upon a single-photon-sensitive detector. The distance indicated corresponds to the
time window t.

create our very dim source, all we need to do is place a neutral density filter
in the path of the photons (at position F in Figure 2.1); this has the effect of
reducing the mean value of photons in the time interval t. The behaviour of
photons in such a discrete random system is described by Poissonian statistics
[23]: which describe the probability of a number of events occurring in a given
time if each event is independent of the last and they occur at a nominally
constant rate over large values of t. The probability of k events occurring, for a
given expected event rate of λ is:

P (k) =
λke−λ

k!
(2.1)

If this distribution is plotted for λ = 10 (yellow in Figure 2.2), the most likely
number of events to occur in time t is 10, we get a spread of possible numbers
of photons on the detector. If we now return to the attenuated laser, the atten-
uation reduces the intensity, which is manifested as a decrease in the expected
occurrence, λ, on the Poisson distribution. Figure 2.2 shows the distribution
P (k) as λ is decreased. The numbers of photons on the detector falls, with λ = 1
providing single photons ∼ 37% of the time. However, as λ is decreased, not
only do the single photon events increase in frequency, the no-photon events do
as well. Worst still, there is a non-zero probability of 2, 3 and 4 photon events.
Such multi-photon events are detrimental to many potential applications, such
as quantum cryptography where it introduces a potential attack vector. Increas-
ing the attenuation further still makes the problem worse, as the single photon
events are reduced. So an attenuated multi-photon light source is a bad choice
for a single photon source: it will be very dim (with may zero photon events), it
is not deterministic (we have no certainty that we will receive a photon), and it
will not be pure (as multi-photon events are still possible). We need some light
source which does not obey these Poisson statistics, a sub-Poissonian source.

2.1.2 Characterizing Single Photon Sources

Single Photon Purity

To quantify how pure a given single photon source is (i.e. if it emits single pho-
tons or if it occasionally emits two or more photons simultaneously), a quantity
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Figure 2.2: Poisson probability mass function, P (k), showing the relative probability
of occurrence of k for varying vales of expected occurrence, λ.

called the second order coherence function, g(2)(τ), is measured [23]:

g(2)(τ) =
〈I(t)I(t+ τ)〉
〈I(t)〉〈I(t+ τ)〉 (2.2)

where I(t) is the intensity of the light beam at time t; τ is a variable time
delay used to examine the variability of g(2)(τ); and 〈...〉 indicates that the
measurement is averaged over a long integration time, this is done to reduce
shot noise.

To experimentally measure g(2)(τ), a Hanbury-Brown and Twiss (HBT) ex-
periment is performed [24, 25, 26]. The key feature of this experiment, Fig-
ure 2.3, is a 50:50 beamsplitter. A beam of light for analysis is directed into
the beamsplitter. Light can leave the beamsplitter by one of two paths, and
any given photon can only exit the beamsplitter from one path. The two ex-
iting beam-paths are each directed onto a single photon avalanche photo-diode
(SPAD). Therefore any incident photon will enter the beamsplitter, leave by
one of the exit ports and produce a ‘click’ on the corresponding detector. If
two photons enter the beamsplitter, they can leave by different ports, causing
simultaneous ‘clicks’ in both detectors. For light made purely of single photons,
such coincidences of detection cannot occur.

By adding an electronic delay, ∆τ , in the signal line from one of the detectors,
the relationship of coincidences can be observed. Figure 2.4 shows a plot of
coincidences from an excitation source driven with a pulsed laser. At ∆τ = 0
there are almost no coincidences between the detectors. As |∆τ | is increased,
coincidences between two temporally separated photons become visible. Due
to the pulsed excitation used, coincidences can only be seen with a periodicity
matching that of the excitation repetition rate. Graphically, a series of periodic
peaks is seen, with the central peak at ∆τ = 0 missing.

The value of g(2)(0) is used to determine the single photon purity, Table 2.1
shows a comparison of g(2)(0) values for various sources. A value of g(2)(0) less
than one indicates a degree of single photon emission and the source is called
anti-bunched, whereas multi-photon light is called bunched.
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Figure 2.3: HBT experiment schematic. A pair of SPADs detect photons output from
the two paths of a beamsplitter. An electronic delay, ∆τ , is applied to one of the
signal lines. A counter records coincidence events.

Emission Type g(2)(0)

Chaotic 1 <
Coherent 1
Non-classical < 1
Majority Single Photon < 1

2

Table 2.1: Comparison of g(2)(0) for different light emission sources.
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Figure 2.4: Coincidence plot of the emission produced from an InAs/GaAs quantum
dot within a micro-cavity, measured using a HBT experiment. The missing peak at
∆τ = 0 is the signature of single photon emission, in this case g(2)(0) = 0.009± 0.005.
Reproduced from [27], under a CC-BY 4.0 licence.
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Indistinguishibility

Fundamentally, indistinguishibility is the inability to tell two photons apart;
i.e. two photons have identical wavepackets [28]. The indistinguishibility of two
photons is characterized by the overlap of their wave-functions. If the wave-
functions overlap perfectly, two photon interference can be observed. Most pro-
posed applications of single photons in quantum technologies make use of two-
photon interference: quantum computation [29], quantum teleportation [30],
and entangled photon production [31].

A Hong-Ou-Mandel (HOM) experiment [32] can be carried out to deter-
mine the indistinguishibility of photons from a source. In a HOM experiment,
Figure 2.5, the single photon beam is split into two paths; one of which has a
variable delay line. These paths converge on two input ports of a 50:50 beam-
splitter, with a pair of SPAD detectors placed at the output ports. If two
photon interference occurs then both photons leave from the same output port,
resulting in a lack of coincidence counts between the detectors. The delay path
length can be changed to alter the temporal overlap, this reduces interference
and increases coincidence events observed. An example plot from a HOM ex-
periment is shown in Figure 2.6. Recently, a demonstration of the HOM effect
where images were taken of the output ports of the beamsplitter has been made
– showing the photons leaving the ports as pairs [33].

50:50

Counter

a

50:50

SP
A
D
2

SPAD1

b

c

d

Figure 2.5: Schematic of a HOM experiment. Input light is split into two paths, one of
which is of adjustable length. The filled dots represent the position of photons, whereas
unfilled dots are the absence of a photon. These paths re-combine in a beamsplitter.
If two indistinguishable photons are incident on the beamsplitter, they will bunch
together upon output. If the photons are indistinguishable, coincidences detected
between the output ports should not be observed.

The two photon interference at the beamsplitter can be understood intu-
itively by examining the paths of the photons (the labels of the beamsplitter
ports are shown in Figure 2.5). There are four possibilities (shown as terms left
to right in Equation 2.3): (1) photon a is transmitted and photon b reflects; (2)
both photons are reflected; (3) both photons are transmitted; (4) photon a is
reflected and photon b is transmitted. Due to a phase change upon reflection
from the beamsplitter surface for photons from side a, the two terms where pho-
tons exit via both ports cancel, as shown in Equation 2.4 [35]. In the equations
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Figure 2.6: Coincidence plot from a HOM experiment. The presence of a dip in
coincidences indicates indistinguishability. Reprinted with permission from [34], ©
2014 American Physical Society.

below, the notation |2, 0〉cd indicates that a photon pair exits from port c.

|1, 1〉ab = 1√
2
|2, 0〉cd + |1, 1〉cd − |1, 1〉cd − 1√

2
|0, 2〉cd (2.3)

|1, 1〉ab =
|2, 0〉cd − |0, 2〉cd√

2
(2.4)

2.1.3 Applications of Single Photons

Single photons have a number of applications within ‘2nd generation quantum
technologies’; so-called because the devices exploit quantum phenomena. This
is in contrast to technologies enabled by an understanding of quantum mechan-
ics, the ‘1st generation’, i.e. semiconductor material in a transistor. Quantum
technologies offer ways of exceeding the limits of classical technology, to realize:
computers orders of magnitude more powerful, encryption with guaranteed un-
readability, and techniques to side-step classical detector noise for more sensitive
measurements. Several prominent quantum technologies shall now be consid-
ered: computing, cryptography, teleportation, metrology, and imaging; and by
combining several of these technologies together, a so-called quantum internet
is possible [36].

Quantum Computing

Classical computing uses binary digits, 1 and 0, to represent information. In
quantum computing the infinite variability of the wave-function of a two level
system, the qubit |Ψ〉, is exploited:

|Ψ〉 = α|0〉+ β|1〉 (2.5)

where α and β are the amplitudes of the states |0〉 and |1〉, which can take an
infinite number of value combinations such that:

1 = α2 + β2 (2.6)
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This is particularly attractive as the limits of classical computers are now be-
coming clear, as the cost and difficulty of fabricating ever-smaller circuits is
quenching the growth in performance [37]; with flaws and errors being discov-
ered in ever-more complex processor architectures, requiring performance cuts
to remedy [38]. A number of algorithms have been developed for quantum
computers which provide reductions in the compute-time required for some spe-
cialized tasks: Shor’s algorithm [39] is able to factorize numbers in polynomial
time (t ∼ logN) compared to classical algorithms which scale ∼ elogN ; Grover’s
quantum search algorithm [40] scales ∼

√
N whereas classical ones scale ∼ N .

There are several design requirements for a quantum computer [41, 42]:

1. A system of ‘well-characterized’ qubits is needed, where their Hamiltonians
are well understood and which can be initialized into a well defined state.

2. A means of initializing the qubits, to an initial state such as |000...〉.

3. Some unitary operator must exist that allows a transformation from the
initial state to an arbitrary entangled state.

4. The de-coherence times of the qubits must be much longer than the time
to perform operations upon them.

5. Lastly, the coupling of the qubits to the environment should be able to be
switched on and off at will.

This last requirement means the system is decoupled from the environment
during the computation and is strongly re-coupled for readout.

Current quantum computers make use of superconducting circuits to trap
qubits [43], with 10 qubit systems now reported [44]. The main draw-back with
superconducting systems is in isolating them from the environment during the
computation, as residual nuclear spins radically shorten conference times, with
60 µs being the current upper limit [45]. Now systems where individual trapped
ions are shuttled between quantum interaction sites are being considered [46].
Commercial annealing machine systems, such as those by D-Wave have become
available, but are marred by reports that they do not offer performance im-
provement over classical systems [47]. IBM has made a 5-qubit system available
for paying customers [48].

Photon-based quantum computers do not suffer from the de-coherence ef-
fects that plague other systems such as nuclear magnetic resonance (NMR) [49],
and are not susceptible to thermal noise. They also offer direct integration to
optical telecommunication systems, and are able to route information through
at the speed of light, as well as bringing all of the benefits of being a solid-state
monolithic system. A significant problem with optical qubits is the difficulty of
realizing a controlled NOT gate (CNOT) [50], where a qubit is flipped if a con-
trol signal is applied. Logic gates acting upon polarization exploit birefringent
materials, a CNOT requires a switch-able birefringent material which should
ideally switch instantly. Another large barrier to overcome is that photons in-
teract weakly with each-other; and, as demonstrated with the HOM experiment,
need to be indistinguishable to do so.
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Quantum Encryption

A more direct use of single-photons lies in cryptography. Quantum encryption
relies upon the no-cloning theorem [51], which prohibits an exact copy of a
quantum state to be transferred to a second body whilst retaining the first. This
means that if single photons are used to encode a message, then any intercept
will manifest itself as bit errors in a message. A pure single photon source is
crucial, as double-photon emission would provide a means for the message to
be intercepted unnoticed.

The most popular application of quantum cryptography is in quantum key
distribution (QKD) [52]. This is where an encryption key is sent securely
through quantum channels, to be used to encrypt messages sent through classi-
cal communication channels. The key acts as a one-time-pad, where an exclusive
OR (XOR) is used to encode the message with a key string the same length;
decryption is the reverse process. Messages sent this way are completely secure
provided the key sequence remains secret.

The first proposed QKD protocol was BB84 [53]1. In this protocol two
parties, Alice and Bob, wish to communicate securely and have access to a clas-
sical, unencrypted communication channel. BB84 uses an additional quantum
channel to distribute the key from Alice to Bob. Down this quantum channel
Alice sends single photons, onto which she has encoded information using a set
of orthogonal bases, e.g. crossed and anti-crossed polarization. Due to the no-
cloning theorem, an eavesdropper, Eve, is unable to intercept a photon from the
message and replace it without detection. If Eve intercepts a photon she has
a 50:50 change of choosing the correct basis to measure in before re-sending a
replacement photon, so at best she introduces a 50% error on every intercepted
photon. Once a complete key message is sent, Alice sends the polarization basis
to Bob, who checks his observed bases. He keeps only those results where he
has measured in the same basis that Alice sent in. A small number of these
‘correct’ measurements are openly declared so that the error rate can be deter-
mined. If the error rate is low enough, then the key can be trusted. From here
privacy amplification techniques can be used, and error corrections applied. The
distributed key can now be used as a one-time-pad for secure communication
over the classical channel. Since BB84, many other protocols have been pro-
posed [55], which attempt to provide protection against imperfect single photon
sources.

The first demonstration was made in 19892; where, after distillation, a key of
443 bits were shared over 30 cm [56]. Subsequent demonstrations have followed
[52]. Fibre-based QKD systems can leverage existing optical fibre infrastructure
to send keys across metropolitan areas [57]. Free-space demonstrations concen-
trated on distances of ∼ 150 km, [58], which may seem too short to be useful, but
are representative of the atmospheric attenuation a ground-to-satellite system
would experience. Indeed, the first demonstration of ground-to-satellite QKD
was reported in 2017 [59]. This has opened the door to a global QKD satellite
network, allowing keys to be exchanged between sites anywhere in the world.

1A more accessible, and tasty, description involving chocolates can be found in [54].
2Using a humble light emitting diode (LED) as a photon source (the only laser in the lab

was used for alignment), they achieved 0.34 photons per pulse.
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Quantum Teleportation

As mentioned earlier, the no-cloning theorem forbids the copying of a quantum
state to another body whilst retaining the first. Quantum teleportation is a
phenomenon that occurs when you do this copying, but destroy the first [60].

Alice has a photon (|ψ〉1) which can be either horizontally (↔) or vertically
(l) polarized:

|ψ〉1 = α |↔〉+ β |l〉 (2.7)

She wishes to send this state to Bob, but no single measurement will be able to
fully describe both orthogonal states at the same time. To fully communicate
the state to Bob, it must be teleported. An Einstein-Podolsky-Rosen (EPR)
photon pair is generated, and shared between Alice (|ψ〉2) and Bob (|ψ〉3), the
important property here is that if one photon is measured, the other entangled
photon immediately collapses into the complimentary state. Alice performs a
Bell-state measurement between her initial photon and her entangled photon;
this entangles them together, consequently entangling Alice’s initial photon in
state |ψ〉1 with the photon Bob has, whilst destroying Alice’s photon. As photon
2 is complimentary to 1 and 3, it follows that |ψ〉1 = |ψ〉3.

Key to this is a single photon source that can emit EPR entangled photons
[61], multi-photon events will destroy the entanglement. The first experimental
demonstration was made in 1997 [30], with the more spectacular demonstration
of ground-to-satellite teleportation made in 2017 [62].

Quantum Metrology

Another application is quantum metrology, which uses quantum effects to realize
precise measurements. Fundamentally, any measurement technique is ultimately
limited by the Heisenberg uncertainty principle [63]; however, in practice, clas-
sical measurement schemes are limited by shot noise [64] which is of order 1√

N
.

Entangled photons in ‘N00N’ states can be used with Mach-Zehnder interferom-
eters, where the phase change between arms of the interferometer is measured,
to lower the noise floor to the order of 1

N [65]. In these schemes, single photons
are used in the generation of the input entangled states.

Ghost Imaging

Ghost imaging is a technique where a sample is imaged using light which has not
actually interacted with the sample [66]. It relies on a photon pair to be gen-
erated, an imaging photon and an interaction photon. To conserve momentum,
the photons have complimentary paths which are deterministic. By placing a
camera to detect the spatial position of one photon, it is possible to know the
path of other as well. The interaction photon is directed onto a sample to be
‘imaged’. A single pixel, single-photon-sensitive detector is used to detect if
this photon has made it past the sample, if it is transmitted. This detection
signal is used to gate the camera, so only spatial positions of transmitted pho-
tons are recorded. Through this process, a transmission image of the sample
can be built-up. This technique has two advantages over conventional imaging
techniques: firstly low photon fluxes can be used, ∼ 100, 000 photons, which al-
lows for minimal damage of sensitive samples such as cells; secondly, the photon
pair production does not have to generate photons with identical wavelengths,
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allowing imaging at a wavelength where silicon cameras have peak sensitivity,
and probing at a different target wavelength.

2.1.4 Single Photon Sources

Single photons have been generated from a number of sources, including solid
state systems. These are summarized in Table 2.2.

Source λ [nm] τ [ns] Tmax [K]

Trapped Atoms/Ions ∗ 30 †
Molecules Visible 3 R.T.
Diamond NV Centre 637 11 R.T.
Carbon Nanotubes 860-880 200 R.T.
WSe2 700-800 ∼ 2 4.2
SFWM ‡ N/A R.T.
GaAs QDs 850-1300 ∼1 40
Colloidal QDs Visible to NIR 20-30 R.T.

Table 2.2: Summary of sources of single photon emission. Showing typical emission
wavelength (λ), photon lifetime (τ) and the maximum operating temperature (Tmax).
R.T. ≡ room temperature.
∗Note that in trapped atom/ion systems the emission wavelength depends on the
atomic species used. †Trapped atoms are laser cooled under ultra high vacuum.
‡Photon wavelengths can be tuned relative to pump wavelength.

Trapped Atoms

The most basic of all systems to realize single photons are single atoms; with
single atoms used as the source in the first experimental demonstration of single
photon generation [17]. These provide the most replicable system; as, for a given
atomic species, one atom is the same as the next – whereas systems that are
made from many atoms suffer variations between individual emitters. Single
atoms have sharp bandwidths, in the order of MHz [67], which are lifetime
limited3. Currently trapped-atom systems require bulky lasers and optics to
cool and manipulate the atoms, and ultra high vacuum systems to contain
them; this severely limits portability and potential applications, though efforts
to miniaturize the technology are under-way [68]. The long photon lifetime of
30 ns limits the repetition rate of the source, restricting useful applications [69].
Devices which couple trapped atoms to cavities to decrease photon lifetimes
have been demonstrated [70], but are technically challenging.

Molecules

Molecules were the first solid-state system where single photon emission was
observed [71]. Molecules have vibrational states in addition to electronic states,
due to their relatively complex geometries. The only non-broadened emission

3The relation ∆E∆t & ~ links the uncertainties in energy (E) and time (t); by rearrange-
ment, the line-width (∆ω) is given by ∆ω & 1

τ
, where τ is the photon lifetime.
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from molecules occurs at the zero phonon line (ZPL), a transition between elec-
tronic excited and ground states at the vibrational ground state [72]. Due to
their complex electronic structures, molecules suffer from blinking when emis-
sion is quenched by electrons becoming trapped in dark states. Dark states
are energy states of a system which cannot emit photons. As molecules can
be reactive, they are also susceptible to bleaching, where they oxidise and stop
emitting [73].

Colour Centres

Colour centres are defects within a crystal lattice, so-called because they absorb
specific wavelengths giving the crystal colour [74]. The most studied for quan-
tum optics applications is the nitrogen-vacancy (NV) centre in diamond [75].
The NV centre is a vacant node in the diamond crystal lattice, next to a nitro-
gen atom; this causes a surrounding carbon atom to only have 3 bonds, forming
a charge in the NV region. NV centres are typically made in bulk by bombard-
ing a nitrogen-rich diamond with electrons to dislocate carbon atoms and form
vacancies. A thermal annealing process, operating in excess of 600°C allows the
vacancies to move and form a stable NV complex. NV centres in diamond are
sensitive to etched features nearby – placing a limit on minimum device size.
Diamond also has an indirect bandgap of 5.5 eV, which forms a large phonon
side-band at longer wavelengths to the ZPL emission line from the NV centre
[76]. Diamond is attractive as the NV centre exhibits room temperature single
photon emission, diamond is biologically compatible, and can now be syntheti-
cally synthesized [77]. The main disadvantage of diamond-based devices is the
difficulty of fabrication. Diamond is resistant to most chemical and mechanical
processes, which severely constrains device design. To realize complex devices,
such as those with suspended structures, various techniques have been used:
focussed ion beam milling [78]; angled etching [79]; bottom-up fabrication [80].
Nanodiamond particles, with a diameter anywhere between 10-30 nm have been
developed4, allowing the colour centres themselves to be integrated into other
material platforms [82].

Carbon Nanotubes

Carbon nanotubes (CNTs) were observed to emit single photons in 2008 [83].
With emission wavelengths in the near infrared (NIR) regime at ∼865 nm. Re-
cently room temperature operation has been realized using a dopant group at-
tached to the CNT [84]. CNTs are grown by chemical vapour deposition (CVD),
in a relatively uncontrolled growth process [85]. This results in variability in
length, diameter and electronic configuration (conducting or semiconducting) of
the CNTs. CNT suffer from a low quantum yield, due to the existence of dark
states the lie below the optical transitions of the defect sites [86]. These factors
limit current applications.

2D Materials

Since graphite was shown to exist in stable single-atom-thick sheets, called
graphene, in 2004 [87], a range of different 2-dimensional (2D) materials have

4You can even make them at home [81]!

15



CHAPTER 2. LIGHT-MATTER INTERACTION

been developed [88]: MoS2, WS2, MoSe2, WSe2, MoTe2 and hexagonal boron
nitride. Single photon emission has been reported from defects in a WSe2 sheet
[89]. 2D materials offer photon emission in the visible and NIR, with line-widths
down to 120 µeV. There are two primary techniques for preparing monolayers for
integration into devices: exfoliation and CVD growth. Exfoliation is a process
where flakes of the bulk materials are stripped off by repeated use of adhesive
materials such as sticky tape. This method is rather hit-and-miss [90], with
large variation in flake sizes. CVD allows direct growth of monolayers, however
removal of the monolayers from the growth substrate results is small flakes [91].
Both preparation methods result in small flakes with variable quality, limiting
the scalability of devices based on such 2D materials.

Non-linear Photon Conversion Schemes

The current workhorse single photon source for quantum information experi-
ments is some type of non-linear conversion: parametric down-conversion (where
one photon is converted into two photons with total energy equal to that of the
input) or spontaneous four-wave mixing (SFWM). The main drawback of these
techniques is that they are stochastic, hence heralding is used: as multiple pho-
tons are generated at the same time, one of these is detected to announce or
herald the arrival of a single photon in the experiment. This is perfectly accept-
able to many experiments where a single train of single photons are required,
but for large-scale quantum information devices, multiple photons are required
simultaneously on-demand. SFWM is typically generated within fibres [92] or
in resonators [93]. Some efforts to integrate multiple sources on-chip have been
made, but the stochastic nature of the sources has not been addressed [94]. The
need for such quantities of photons has lead to the investigation of quantum
memories, where generated photons are stored until needed [95].

InAs/GaAs Solid State Quantum Dots

Solid state quantum dots (SSQDs) offer a number of advantages compared to
other systems. GaAs is already used in the fabrication of micro-electronics, so
any process can take advantage of the research already done to perfect fabrica-
tion technologies. Also, as electronic devices are already produced in GaAs, it
is relatively simple to fully integrate emitters into electronic devices.

Such solid state quantum dot (SSQD) emitters are chemically stable com-
pared to other technologies. The quantum dots are encapsulated into a wafer,
sealing them from the environment. This prevents chemical processes such as
bleaching from occurring. This also permits stable emission over time-spans
of years, unlike molecule or colloidal quantum dot systems. SSQDs can suffer
from blinking, but this occurs on short time-scales (∼10 ns-10 ms) and to a lesser
extent compared to other emitter systems [96]

A popular mechanism for the growth of SSQDs is the Stranski-Krastanov
(SK) technique [97], Figure 2.7. Upon a GaAs substrate, a wetting layer of InAs
is deposited using molecular beam epitaxy (MBE), Figure 2.7a. This growth is
performed slowly, allowing the InAs lattice to conform to the lattice spacing of
the GaAs substrate. The InAs lattice is 7% larger than that of the GaAs [98].
After a critical thickness of 1.75-3 monolayers [97, 99], it is thermodynamically
more favourable for the InAs to nucleate into islands rather than remain in
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strained layers, Figure 2.7b. These islands are small, ∼10 nm, as shown in
Figure 2.8; structures on this scale are effectively zero-dimensional, they retain
atom-like properties such as: discrete transitions, and they are subject to the
Pauli exclusion principle. A capping layer of GaAs is grown on the top of the
islands to encapsulate them, Figure 2.7c, this encapsulation creates a potential
well for confinement of charge carriers.

(a) An InAs wetting layer (black) is slowly
grown on a GaAs substrate (grey).

(b) Strain builds in the InAs layer, due to
a lattice mismatch, causing it to fail. This
produces islands of InAs (the triangle).

(c) A capping layer of GaAs is grown on
top of the InAs islands.

Figure 2.7: Schematic of Stranski-Krastanov method for the growth of SSQDs.

Figure 2.8: Transmission electron micrograph cross-section of InAs/GaAs quantum
dots. (a) Shows uncapped InAs islands on GaAs substrate; (b) shows InAs islands
with a GaAs capping, the wetting layer can also be seen as a thin layer. Reproduced
with permission from [100].

The InAs quantum dot forms a region of low band-gap within the high-
band-gap GaAs substrate, Figure 2.9. When the GaAs is excited with an above
band-gap photon, an exciton (an electron and hole pair) can be created. The
exciton can move to the low band-gap dot, where it can recombine, emitting a
photon of lower energy compared to the excitation. The excess energy is lost to
the crystal lattice as phonons. As the quantum dot is small, ∼10 nm as shown
in Figure 2.8, multiple excitons are held sufficiently close that they can interact
via the Coulomb force; this interaction causes bi-exciton states (states with two
excitons) to emit at different wavelengths.

A drawback with SK growth is that the distribution of the islands is random,
as it is driven by a spontaneous nucleation process. This is illustrated in the
photoluminescence (PL) map in Figure 2.10. Also, to guarantee a region of the
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Figure 2.9: Schematic of the energy bands of an InAs/GaAs quantum dot, showing
the excitation-emission process. The position axis shows a vertical line-cut across a
quantum dot. h+ is a positively charged hole or vacancy, and e− is an electron.

desired QD density, the wafer rotation is stopped during the monolayer growth,
allowing a density gradient to form.

To address the random growth, techniques have been developed to allow
site-controlled growth. Initially basic lithographic patterning of substrates was
used to control where islands would form [101, 102]. Holes or pits can be etched
into the GaAs substrate prior to monolayer growth, with dimensions of the hole
affecting QD shape, thus emission properties [103]. This method of growth pro-
duces a large variability in dot size, and relatively broad emission (∼ 0.57 nm)
[104]. Such variability and broad emission prohibits highly resonant cavity de-
sign, as highly resonant cavities have narrow band-widths; for example for a
micropillar at 1.5 µm with Q = 165, 000, has a bandwidth of ∼ 9 pm [105].
Multiple monolayer growths, separated by a buffer layer, allows QD formation
on an un-etched GaAs substrate. The QDs form at locations where stresses
have propagated through the buffer layers. QDs grown using this method have
recently demonstrated narrow line-widths and indistinguishable single photons
[106], however optical performance is still not as good as uncontrolled growth.
Several growth techniques have been developed to force the formation of is-
lands at specific locations [101, 102]; these mainly focus around etching pits
into the GaAs substrate, the InAs then nucleates at these points. Such QDs
are reported to have good optical properties (g(2) = 0.02; and Indistinguishi-
bility visibility, V = 0.73) [106], but are still trailing un-controlled growth and
are more time-consuming and costly. Other techniques such as using atom mi-
gration in mesa-top growth have shown rather broad line-widths of ∼ 1.3 nm
[107].
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Figure 2.10: PL image of a SSQD wafer, showing the random spatial distribution of
QDs.

Colloidal Quantum Dots

Colloidal quantum dots are similar to SSQDs in that they are essentially zero-
dimensional objects; they occur as individual particles, instead of being embed-
ded in a crystal lattice. These dots are fabricated in solution, with a wide array
of chemistries available: CdS, CdSe, CdTe, PbS; and recently, non-heavy-metal
varieties, such as InP and ZnSe [108]. Single-photon emission from colloidal
dots was first observed in 2000 [109].

A well-studied variety are CdSe/ZnS colloidal dots. These quantum dots
are made by a self-assembly process, where precursor reagents are mixed in a
heated reaction vessel. The reaction time and temperature governs the size of
the quantum dots produced [110]. A ZnS shell surrounds the CdSe core. The
shell protects the core, preventing bleaching from oxygen, and leaching of the
core into the suspension medium [111].

2.2 Weak Coupling Regime

The weak-coupling limit of the light-matter interaction occurs when the light
losses from the system (leakage of photons from the system, γ; and decaying
to non-resonant modes, κ) are greater than the emitter-system coupling, g0

[23]. The light emission process from the photon source is irreversible, more
light leaves the system than remains trapped inside. In this regime, the den-
sity of states is locally modified, allowing the emission rate of a photon source
to be modified via the Purcell effect. Many different avenues to achieve this
are available [112], for example: nano-photonic cavities, photonic crystals, and
plasmonics.

2.2.1 Photonic Cavities

The light-matter interaction can be modified and controlled by placing the mat-
ter into a photonic cavity. An optical cavity is a structure in which light can
reflect back-and-forth forming a resonance, passing through the matter many
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times. A simple optical cavity is shown in Figure 2.11.

M1 M2

ηcav

Lcav

λ

Figure 2.11: Schematic of an optical cavity, characterized by: cavity medium refractive
index (ηcav); mirrors (M1 and M2) with a reflectivity R; and a cavity length of Lcav.
The input light has a wavelength λ (white arrow). The large black arrows represent
leakage of light from the cavity.

The lifetime of a photon within the cavity, τcav is defined by:

τcav =
ηcavLcav

c(1−R)
(2.8)

where c is the speed of light in free space, other variables are shown schematically
in Figure 2.11. The ability of a cavity to trap light is quantified by the quality-
factor (Q-factor):

Q =
ω

∆ω
(2.9)

where ω is the peak emission frequency (resonant frequency), and ∆ω is its
line-width.

The spontaneous emission rate from an emitter is given by Fermi’s Golden
Rule [22]:

W =
2π

~2
|M12|2g(ω) (2.10)

where W is the spontaneous emission rate, ~ is the reduced Planck constant,
M12 is the transition matrix element, and g(ω) is the density of states. As there
is no field source within the cavity, the matrix element is given by the dipole
interaction with the vacuum field:

M12 =
µ2

12~ω3

6ε0V0
(2.11)

where µ12 is the electric dipole moment, ω is the emitter frequency, ε0 is the
permittivity of free space, and V0 is the cavity volume.

The density of states can be altered by coupling the emitter to a resonant
mode of a cavity. The density of states for an emitter in free space is given by:

g(ω)free =
ω2V0

π2c3
(2.12)

If the atom-cavity coupling is smaller than the losses from the cavity, the system
is within the so-called weak coupling regime. Weak coupling allows the use of
perturbation theory to calculate the density of states if the emitter is exactly
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on-resonance:

g(ω)cav =
2Q

πω0
(2.13)

where ω0 is the emission frequency.
By placing an emitter inside a cavity, the emitter can couple to the cavity

modes, and the photon lifetime of the emitter can be modified. This changing
of the lifetime is called the Purcell effect [113]. The Purcell factor (Fp) can be
calculated by comparing the spontaneous emission rates of an emitter outside a
cavity (W free) with one coupled to a cavity (W cav):

Fp =
W cav

W free
=

3Q( λ
ηcav

)3

4π2V0
=
τfree

τcav
(2.14)

where τfree and τcav are the photon lifetimes for free and cavity-coupled emit-
ters respectively. For Fp > 1 spontaneous emission is enhanced, and for Fp < 1
spontaneous emission is suppressed. It should be noted that Fp ∝ Q, so the
design and fabrication of high Q-factor cavities is key to increasing spontaneous
emission rate. Increased emission rate is desirable as it makes it possible to
generate more single photons from a given source per second. Furthermore,
enhancement of the spontaneous emission rate reduces photon dephasing, in-
creasing the indistinguishibility of the photos [69]. For any information based
technologies which encode information with photons, increased photon input
translates to increased information throughput. Many optical cavity types have
been developed [114], for example: Bragg grating micropillars [115], microdisc
cavities exploiting whispering gallery modes [116], and photonic crystals [117].

2.2.2 Photonic Crystals

Photonic crystals (PhCs) are a material structure that allows control over the
propagation of light, they are the optical equivalent of electronic semiconduc-
tors. Whereas the atoms in the crystal lattice of a semiconductor provide a
periodic electric potential, PhCs rely on the periodic modulation of refractive
index. The simplest case is that of a dielectric stack: a stack of alternative
layers of materials with different refractive indices. Incident light is partially
reflected at each interface, with multiple reflections (assuming the alternation
is periodic) destructively interfering to completely suppress the forward prop-
agation of the light within specific wavelength regions [118]. The light that is
forbidden from propagating through the material is reflected; this is the basis
of dielectric mirrors. This phenomenon was first explained by Lord Rayleigh in
1887 [119].

This suppression arises due to the creation of a photonic bandgap, a region of
wavelength (or frequency) space where no light propagation is supported. The
critical feature of PhCs is that the bandgap can be modified by changing the
properties of the dielectrics and their periodicity. This allows complete control
over the optical properties of a system.

So far, only 1-dimensional (1D) structures, dielectric stacks have been men-
tioned. By increasing the dimensions of periodicity (as in Figure 2.12), richer
band-structure features become available. An example band-structure for a 2D
crystal is shown in Figure 2.13, where a bandgap exists between 646-754 nm.
The wavevector refers to the k-space in which the wave propagates, with the
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direction relative to the Brillouin zone (the irreducible unit cell, the repeating
unit, of the periodic structure) indicated in the inset. The first demonstra-
tion of a multi-dimensional PhC was in 1991 [120], where holes were drilled
into a dielectric to create a 3-dimensional (3D) PhC in the microwave regime –
where the crystal dimensions are accessible to traditional machining. The first
demonstration of a 2D device was in 1996 [121].

1D 2D 3D

Figure 2.12: Examples of one, two and three dimensional periodic materials, with dif-
ferent colours representing different materials. A photonic crystal uses this periodicity
to control optical properties.

M K

Γ

Figure 2.13: Example band-structure of a photonic crystal (a simulation of the bulk
photonic crystal used in chapter 7, where a hexagonal array of holes is etched from a
silicon nitride (Si3N4) membrane), showing allowed combinations of wavevector and
frequency, the photonic bandgap region is highlighted. Only the transverse electric
(TE) modes are calculated, as a dipole is unable to excite transverse magnetic (TM)
modes in a 2D geometry. Frequency expressed in units of lattice constant, a = 310 nm;
divided by the speed of light, c. Inset: schematic showing the wavevector orientations
relative to the Brillouin-zone (light blue), periodic structure shown in grey.

Whilst the most ideal structure would be a 3D PhC, allowing light propaga-
tion to be controlled exactly in all three cardinal directions, these have suffered
from the fiendish difficulty in fabricating structures in 3D at the scale required
for light (the sub micron regime for infra-red and shorter). Early structures
leveraged existing planar fabrication technology [122]. Later approaches include
bottom-up self-assembly of particles [123] and ion-drilling [124].

Let the example of a 2D PhC be considered: in this case the modulation of
refractive index is achieved by drilling holes through a slab of material. This
creates a periodic pattern of air (refractive index, n = 1) in a chosen dielectric
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(n > 1). An example of such a slab PhC is shown in Figure 2.14. Such PhCs are
parametrized by three critical parameters: the centre-to-centre spacing of the
holes, the lattice constant, a; the hole radius, r; and the slab thickness, Tslab.
These three parameters are already enough to provide control to move the band-
gap location and size to virtually any wavelength regime. It is fabricated as a
free-standing membrane over a carrier substrate. Control of the propagation
of light through the slab is controlled by the PhC; the control of out-of-plane
propagation is, rather crudely, achieved by total internal reflection from the
slab-air interfaces. This poorer quality (compared to that of the PhC) of out-
of-plane confinement contributes to the subsequent lower performance of ideal5

2D devices compared to 3D equivalents.

500 nm

Figure 2.14: Scanning electron micrograph of a hexagonal photonic crystal slab, where
air holes are etched through a Si3N4 membrane.

Once we have a material with a band-gap, what can we use it for? At the
moment, we have defined a material which can merely block the propagation of
a specific range of wavelengths. By introducing defects, a wide array of devices
can be created (Figure 2.15). A defect6 can either be the removal of a hole7 (or
several holes), or the alteration of the size or position of a hole.

By removing an entire line of holes (a line defect), a waveguide can be made
(Figure 2.15a, called W1 as it is a waveguide of 1 hole width) [125]. Such a device
works because the defect region, where there is no PhC, is able to support all
wavelengths, but is bounded by the PhC which has a photonic band-gap. This
means that any wavelengths that are within the band-gap are only able to
propagate along the defect, all others are able to leak out through the PhC.
In k-space this would manifest itself as a supported mode in the middle of the
band-gap, meaning the waveguide itself only has a small number of supported
wavelengths of propagation (which are able to propagate without leaking out).
A straight waveguide is shown, but any path through the bulk PhC can be
made, allowing for complete control of the light path.

A point defect is when a single hole is modified. In the example shown in
Figure 2.15b, this is done by modifying the hole size [118]. In this case, the band-

5Considering the difficulty of fabricating perfect 3D PhCs and the relative ease of 2D
fabrication, practical 2D devices remain competitive.

6This is a rather confusing name, as in this case it refers to intentional removal of holes in
an otherwise perfect PhC, and not to defects introduced by fabrication errors.

7You don’t technically remove the hole, you just never make the hole in the first place.
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Figure 2.15: Examples of device types that can be designed by introducing defects
into a 2D PhC lattice, the bulk lattice is parametrized by: the lattice constant, a; and
hole radius, r.

gap becomes locally modified, creating an island within the larger crystal where
some wavelengths are allowed to propagate. As their propagation is prevented
through the rest of the crystal, they are trapped, reflecting from the bulk PhC
on all sides: a photonic cavity. An alternative is to simply remove the hole,
as in Figure 2.15c, creating an L1 cavity (so called as it is of 1 hole in length)
[126]. The performance of such devices can be tuned by the modification of an
almost overwhelming number of parameters: defect hole radius, displacement of
hole, displacement of holes around the defect, and so on. This naturally makes
the design process somewhat cumbersome, but this affords an unrivalled level
of tune-ability.

Lastly, Figure 2.15d shows a cavity coupled to two waveguides. By inputting
light through one waveguide and extracting it through the other, via the cavity, a
filter can be made. The cavity can be designed to have a specific resonance which
is then filtered out from the input light. This example shows the possibilities
offered by combining the building blocks of the PhC platform, virtually anything
is possible.

2.2.3 Plasmonic Devices

A plasmon is the fundamental quantum of a plasma oscillation, a rapid oscil-
lation of electron density in a plasma or conductor; and a surface plasmon is
a plasmon that is confined to a surface where it can interact with light, this
results in a virtual particle: the polariton. As a photon strikes a surface, elec-
trons gain energy and are free to migrate away, creating a small dipole. This
dipole then polarizes the surrounding area, creating further dipoles. This allows
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a surface plasmon wave to propagate. By introducing metal structures to the
material surface, this wave can be controlled [127]. By creating sub-wavelength
structures, the local electromagnetic field can be confined, providing Purcell
enhancement.

Many device types have been demonstrated, exploiting the plasmonic effect
to either enhance light emission, or to control emission properties: bowtie an-
tennas [128], rod antennas [129], colloids [130], and metamaterials [131]. Plas-
monics have several drawbacks: the field is tightly localized, so any emitter
needs to be close, this has excluded SK QDs due to their thick capping layer
(> 50 nm) needed for good optical quality of emission [132]; they require high-
resolution nano-fabrication, typically electron beam lithography (EBL) or fo-
cussed ion beam (FIB), which can be time-consuming and expensive – bottom
up techniques often provide limited configurability [133]; the metal of the devices
introduces electromagnetic losses. These have limited the scope of plasmonic
application, as the dream of creating plasmonic replacement for optical lenses
as had to come to terms with the optical losses of such a device. However, the
wide bandwidth (can be several 10s of nm) [127] means devices do not need
to be exactly tuned to emitters in the way high-quality optical cavities need
to be. The local field enhancement is of particular interest to sensing [134], as
the relative simplicity of the devices means they can be integrated into other
systems, by nanofluidics for example [135].
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Chapter 3

Micro-Photoluminescence
Spectroscopy

A common mistake that people
make when trying to design
something completely foolproof is
to underestimate the ingenuity of
complete fools.

Douglas Adams
Mostly Harmless (1992)

M
icro-photoluminescence (PL) is a technique where the fluores-
cence emission from samples under excitation is examined using a
microscope, allowing small features to be individually characterized.
A confocal microscope allows simultaneous illumination and collec-

tion of emission from a sample under study. A camera is used to image samples,
and a positioning technique can locate emitters to nm accuracy. Spot excita-
tion using lasers allows single emitters to be spectrally characterized using a
spectrometer. Emission lines can be selected and used for single photon ex-
periments. The set-up described in this chapter was used to perform optical
characterization and positioning for all work detailed in later chapters. I built
the set-up and characterized the positioning technique.

3.1 Laboratory Set-up

A confocal microscopy set-up is used to examine the PL of samples, it consists
of three stages (shown left-to-right in Figure 3.1). The first stage allows a sam-
ple to be imaged under light emitting diode (LED) illumination for imaging.
Selected emitters can be selectively excited using lasers. A spectrometer allows
the sample PL to be characterized; and, acting as a monochromator, it can
select single emission lines to be selected. Photons from these emission lines
can be passed to photon counting experiments where either time-resolved mea-
surements or single-photon purity can be measured. The following discussion of
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operation refers to the characterization of InAs/GaAs solid state quantum dots
(SSQDs) (as described in section 2.1.4).

A quantum dot (QD) sample (a QD substrate with a metallic grid, shown
schematically in section 4.2) is mounted into a liquid helium (LHe) flow cryo-
stat, allowing samples to be cooled down to 3.2 K for optical characterization.
The cryostat is mounted on translation stage, to allow the image-able area to
be changed, and to move a feature of interest under the focus of a laser. An
objective is used in the confocal geometry to provide sample illumination and
emission collection, with separation of these light paths performed by a beam-
splitter. The sample PL signal is sent for characterization from the 90% port,
to minimize the number of PL photons lost.

Several different light sources are used to examine the samples. LEDs are
used to provide wide area illumination (∼ 80 µm diameter). A 455 nm LED is
used to provide above-band excitation to the QDs, which emit photons in the
region 900-100 µm. The beam-path for this source has the lowest attenuation
and the least number of optical elements, so that the maximum excitation power
can be provided over the full imaging area of the objective. A 940 nm LED is
used to image the sample topology only, as it is unable to provide excitation
to the QDs as it is below the bandgap energy. Simultaneous illumination with
both light sources allows simultaneous imaging of the QD PL and the reflection
from alignment markers on the chip surface (described in section 3.2).

Lasers are used to address specific QDs. Low densities of QDs are required
so that only one falls within the laser spot (full-width half-maximum (FWHM)
∼ 2.5 µm). By using the wide-area LED illumination, a QD can be selected
and moved under the focus of the laser. Laser power can be controlled using
neutral density filters (NDFs) and measured using a photodetector. A 785 nm
continuous wave (CW) is used for power resolved measurements, with a 785 nm
picosecond-pulsed (ps-pulsed) laser being used for time-resolved photon count-
ing. Both of these lasers provide above-band excitation to the QDs.

An electron-multiplying CCD (EMCCD) camera with an adjustable zoom
lens is used to image PL signals from the sample. A longpass filter (LPF) is
used to remove excitation light but pass the QD emission and sample reflection:
allowing images of alignment markers with the QD PL. A 900 nm filter is used
here to remove emission from the InAs wetting layer which is uniformly present
across the sample, and peaks at ∼ 860 nm. The EMCCD has an adjustable
electronic gain, to allow weak signals from single photon sources to be amplified.

PL from a selected feature can be spectrally characterized by directing the
PL signal into a reflecting grating spectrometer. Spectrograms are taken using
a charge coupled device (CCD) camera attached to the spectrometer, which
images the diffraction pattern from the grating and provides a computer read-
out. The spectrometer also acts as a monochromator, allowing a single emission
line to be selected using a slit and coupled to photon counting experiments to
assess purity and lifetime (discussed in section 3.3 and section 3.4).

For emitters that emit in the visible, different light sources need to be used
to provide excitation. 473 nm and 405 nm CW lasers are able to provide exci-
tation to a range of emitters: CdSe colloidal QDs, diamond nitrogen-vacancy
(NV) centres, and silicon nitride (Si3N4). These sources emit PL in the 550-
850 nm range. For imaging and spectroscopy LPFs at 550 nm are used to remove
excitation light.
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Figure 3.1: Schematic of the micro-photoluminescence set-up. This is composed of:
a confocal microscope and light sources (left) to illuminate and image the sample;
a spectrometer (centre) to spectrally analyse the sample emission and to perform
spectral filtering; and a pair of single photon avalanche photo-diodes (SPADs) (right)
in a Hanbury-Brown and Twiss (HBT) configuration to characterize single photon
purity and to perform lifetime measurements. Flip-mirrors (FMs) are used to direct
light between parts of the set-up.
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3.2 Positioning Technique

Determining the location of emitters (SSQDs, carbon nanotubes, NV centres)
and the location of modes within a device is of fundamental importance; as once
the location is known, photonic devices can be fabricated around these emit-
ters. In the case of QDs grown using Stranski-Krastanov (SK) self-assembly,
the emission properties of the QDs are not precisely controlled. This leads to
variation in emission wavelength, polarization and location between emitters.
This positioning technique allows characterization of all of these parameters
and design photonic devices tailored to the; additionally, the Purcell factor can
be measured from the same emitter before and after device fabrication. Initial
approaches were to use relatively high densities of QDs, and arrays of cavity de-
vices, hoping to find an emitter/device pair that were resonant by chance [136].
In order to use devices which tightly confine the electric field, a technique is
needed to locate and characterize such emitters before device fabrication. Pre-
vious examples have included: atomic force microscope (AFM) [137], confocal
microscopy using scanning lasers [138] (including in situ lithography at cryo-
genic temperatures [139]), PL imaging [140] and cathodoluminescence [141]. Of
these techniques, PL imaging is particularly attractive as it allows high posi-
tional accuracy (sub-50 nm) with high throughput, and the PL signal can be
used to spectrally characterize emitters and photon counting and lifetime mea-
surements can be made. It is also compatible with high resolution electron beam
lithography (EBL), which can be used to pattern a range of devices: photonic
crystals, bullseye gratings and nanowires.

Firstly the sample must be prepared: metallic alignment markers are de-
posited onto the sample surface. The markers chosen were crosses, with arm
lengths of 15 µm, and widths of 1 µm, an example is shown in Figure 3.2. These
were fabricated using EBL (chosen to ensure smooth edges of the markers,
therefore high accuracy in position measurement, and to provide the best accu-
racy in position of the markers), thermal metal evaporation and chemical lift-off
(procedure described in section 4.3).

5 µm

Figure 3.2: Optical micrograph of a cross metallized in Au, shown after lift-off.

When the SSQD samples are illuminated under 455 nm LED excitation, the
QDs emit light, this can be imaged to show the distribution and density of the
QDs, as shown in Figure 3.3a. By also illuminating the sample with 940 nm LED
light, the grid also becomes visible: the grid reflection image is simultaneously
imaged with the PL from the QDs, Figure 3.3b. From these images, the position
of the emitters relative to the metallic crosses can be determined.
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Figure 3.3: (a) PL image showing the emission from the SSQDs, sample under 455 nm
LED excitation only. 2 s integration, 180 acquisitions, no gain, 9.2 K. (b) PL image
of InAs/GaAs SSQDs under 455 nm LED excitation, with grid imaged using 940 nm
LED illumination. Imaging parameters: 1 s integration, 360 acquisitions, ×50 gain,
T = 8.5 K.

The first step of the image analysis procedure is to correct for any rotational
offset, this offset is unavoidable as the sample cannot be mounted in the cryostat
with sufficient accuracy by hand. Using the corrected image, the cross centres
are marked in the software so that the extent of the grid square in known, then
the individual QD are marked. This produces a map as shown in Figure 3.4a1.
Line-cuts are then made vertically and horizontally for every QDs to establish
the position of the QDs relative to the crosses. The line-cuts are fitted using a
Gaussian function, as shown in Figure 3.4b. The accuracy of the fit is deter-
mined by the standard error of the positions from fits of the QD peak centre and
the two cross arms either side of the QD. The example shown in Figure 3.4b has
a centre at pixel 646.562(±0.125), this corresponds to an error of 10.5 nm. By
fitting the cross marker either side of the QD, on the same line-cut, the distances
between the QD and the grid can be measured – providing the location.

To determine the imaging parameters which corresponded to the lowest er-
ror in measured position, several images were taken with a range of acquisition
settings. The settings adjusted were: the integration time; and number of im-
ages taken (accumulations), which were summed together to provide a image
with higher dynamic range than a single image. Table 3.1 shows the typical
errors: small numbers of accumulations severely impact the accuracy, due to a
poor signal-to-noise ratio in the images. As total imaging time is increased (in-
tegration time multiplied by accumulations) the error decreases. The increased
error when using 0.5 s with 240 accumulations (120 total) instead of 2.0 s with
60 accumulations can be attributed to the increased rate at which the sensor
has to move image data from the sensing area. Due to the lack of a mechanical
shutter, light can still interact with the sensor, so the image data can be altered
during this read-out phase. By decreasing the number of times this can happen,
the number of artefacts in the images are reduced, leading to lower errors. The

1Whilst this may give the appearance of a fully automated process, the feature selection
and setting of the fitting range is manual. This minimizes incorrect fits and poor feature
selection, but with tuning could be automated for a production system [142].
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result of these tests are that the minimum error in the location of QD in a grid
of crosses is ∼ 21 nm.
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Figure 3.4: (a) Map of features generated during position analysis process: cross
centres and emitters marked. Colour bar indicates intensity in counts. (b) Line-cut of
cross arm to the right of feature a. Upper panel: line-cut data (symbols) and Gaussian
fit (red line). Lower panel: normalized error residual plot, used for verification of fit
quality.

Int. Time [s] Accumulations Error [nm]

0.5 120 28
0.5 240 26
1.0 1 86
1.0 60 22
1.0 120 22
1.0 180 20
2.0 1 71
2.0 60 21

Table 3.1: Comparison of image acquisition conditions, with the combined error in the
position of the alignment grid and quantum dot in nm.

3.3 Lifetimes

Time resolved measurements, such as exciton lifetime, can be made using a
synchronized pulsed light source, the 785 nm ps-pulsed laser. This laser produces
a stream of short light pulses, as shown in Figure 3.5, which are used to excite
emitters. The laser is focussed onto a QD and the emission is collected. This is
filtered by the spectrometer and passed to a single SPAD (the 50:50 beamsplitter
of the HBT is removed, increasing photon flux on the single detector), shown in
Figure 3.6. The SPAD sends an electronic pulse upon detection to the counter
for each photon.

The counter records the time the laser fired the excitation pulse and also the
arrival time of the emission photon. From this information, the time difference
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Figure 3.6: Reduced schematic showing how lifetime measurements are made. The
laser produces a pulsed beam of light (red line) at 785nm, which excites the sample
producing emission (solid black). The counter then records the laser shot times and
detection times.
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between the laser shot and photon detection can be determined for each detected
photon. This calculation step can be performed in post processing, which is slow
and generates large quantities of uncompressed data ( 10s of GB); or through the
use of a dedicated field-programmable gate array (FPGA) circuit in the counter
which returns a histogram of times. The FPGA based approach was not used
for initial calibration measurements but used for all subsequent measurements.
To verify the functioning of the detector and counter, the lifetime of a QD in
a bullseye grating [27] was taken; shown in Figure 3.7. The e−1 lifetime is
1.07(±0.04) ns.
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Figure 3.7: Lifetime measurement from a bullseye grating device.
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3.4 g(2) Measurement

Single photon purity is characterized using a HBT experiment, where g(2)(τ) is
measured, as described in section 2.1.2. The time-tagged list of detection events
is split into two lists: one for each detector. These lists are then examined to
identify any coincidences between them – simultaneous detection events. To
create a sweepable time-delay, the times in one of the lists are advanced by a
time increment, creating a temporal offset. This process is repeated for a range
of offsets, fully recovering the autocorrelation behaviour desired. Figure 3.8
shows the auto-correlation plot for the ps-pulsed laser. There is no missing
peak at ∆τ = 0 s, indicating g(2)(0) > 0, as expected for a bunched light source,
such as the laser examined.
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Figure 3.8: Photon auto-correlation plot using the 785 nm ps-pulsed laser as a light
source. The lack of a missing peak at ∆τ = 0 proves that the light is bunched.
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Chapter 4

Metallic Nanorings

...can one desire too much of a
good thing?

William Shakespeare
As You Like It (circa 1600)

S
olid-state quantum dots (SSQDs) have desirable optical properties:
pure single-photon emission [143] and highly indistinguishable [144]
single photons. They also have the advantages of a solid-state plat-
form: stability, simple integration with electronic devices, and can

leverage existing fabrication technologies. However high refractive index con-
trast, between the substrate and air, hampers free-space collection of emitted
photons. A number of devices to improve out-coupled light have been developed:
micropillars [145]; nanowires [146]; bullseye ratings [147] and solid immersion
lenses [27]. However, these devices suffer from issues such as narrow band-
width, difficulty of fabrication or fragility. Here a metallic nanoring is used
to enhance emission for collection by free-space optics, and a hybrid nanoring
and super-solid immersion lens (SIL) device is demonstrated. The quantum
dot wafers were grown by Jin Dong Song and Suk In Park, and the super-
SIL deposition was performed by Christopher Woodhead. Initial investigations
and simulations were performed by Tom Frank, Barnaby Sleat and Jason Tam.
I performed simulations to design the devices, prepared the sample for char-
acterization, fabricated the devices, characterized the device performance and
performed all analysis. The work in this chapter was published as [148, 149].

4.1 Enhancing the Emission from Solid State
Quantum Dots

The extraction of light to free space is a key challenge that needs to be tackled
when using solid-state emitters in a high refractive index material. At the in-
terface between the material and the air, total internal reflection can trap most
of the light; preventing efficient extraction, with extraction efficiencies as low
as a few percent. This issue needs to be overcome for the development of high
brightness light emitting diodes (LEDs) [150], lasers [151] that are based on
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quantum wells or quantum dots. Increasing extraction efficiency is of particular
interest for intrinsically dim light sources, such as single photon emitters, nec-
essary for fundamental science [152, 153] and quantum technology applications
[154].

Solid state quantum dots (SSQDs) are of particular interest as they are
grown onto semiconductor chips directly (allowing easy integration within in-
tegrated optical circuits), they can exhibit lifetime-limited emission line-widths
[155], and emit indistinguishable and pure single photons [143]. However, the
high refractive index contrast between the bulk GaAs substrate and air can
lead to less than 1% of light escaping to free space. Several different approaches
to increase extraction efficiency have been followed: micropillars, based on dis-
tributed Bragg reflector (DBR) stacks; light-guiding nanowires; circular gratings
on suspended membranes; SILs, which are discussed in detail in section 4.7.

Micropillars are cylindrical structures typically a few microns in diameter,
which are etched from a substrate [143, 156]. During the growth process, DBR
stacks are grown above and below the quantum dot (QD) layer and form reflec-
tors at either end of the pillar. The top DBR stack has fewer layers, lowering the
reflectivity, allowing light to be out-coupled into free space. Small mode volumes
of the order of a few λ3 are achievable [157], tightly confining the light. They are
highly directional, allow high QD brightness and provide Purcell enhancement
via interaction with the cavity mode. Q factors as high as 268,000 have been
reported [156]. Consequently, these devices have a low bandwidth, the narrow
cavity mode must be perfectly on resonance otherwise it has greatly reduced
effect: the device can be tailored to the QD by making use of pre-fabrication
characterization and the QD can be temperature tuned to the cavity resonance
[139]. Micropillar samples require DBR growth, which is complex and time con-
suming. They also bring etched surfaces in close proximity to the QD, which
can degrade optical performance [132, 158].

Nanowires are light-guiding structures that act to direct light from the emit-
ter vertically. There are several geometries for this: the simplest is a needle-like
structure etched from the sample [159]; more complex funnel-shaped trumpet
devices can also shape the out-coupled optical mode to match collection optics
[160]. These devices are single material (except for the QD); they usually do not
have reflectors, therefore half of the emitted light is typically lost into the sub-
strate. Unlike with micropillars, there is no micro-cavity, dispensing with the
need to perfectly match resonances: thus these devices have a wide bandwidth.
The main disadvantage of these devices is their fragility: the high aspect ratio
makes them vulnerable to mechanical stresses, seriously affecting their scalabil-
ity. They also bring etched surfaces close to the QD, which degrades the optical
quality of the emitted light [132].

Circular ‘bulls-eye’ gratings are structures etched around an emitter in a
membrane [147, 161, 27]. These devices are a set of concentric rings asymmetri-
cally etched into a GaAs membrane, centred around a single QD. These provide
high theoretical collection efficiencies of 80%, and modest Purcell enhancements
of up to ×11; experimentally, collection efficiencies up to 48.5(±5.0)% with
Purcell factors of ≈ ×4 are seen. These devices have a moderate bandwidth,
∼ 5 nm. The asymmetric etch is nanometre-sensitive, requiring a highly cal-
ibrated etching process, therein lies the problem: the devices are sensitive to
single nanometre variations in etch depth, limiting scalability.

To overcome the limits of fragility, scalability and bandwidth a new device
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was examined: the nanoring [148]1. This is a ring of metal deposited on the
surface of a sample, centred around the QD beneath the surface. As will be
shown, these nanorings provide a lensing effect and have no cavity to tune to
resonance.

4.2 Simulations of Nanoring Devices

The nanorings were designed with finite-difference time-domain (FDTD) simu-
lations, using a commercial software package [162]. A computer model of the QD
sample structure was made, as shown in the schematic (Figure 4.1). From the
bottom: the substrate was GaAs; a 1 µm Al0.7Ga0.3As layer (this was included
to permit undercut of devices at a later time); 95 nm GaAs; InAs wetting layer
(purple dotted line), with QDs; 95 mn GaAs capping layer, in the schematic
this capping layer is shown to have a thickness Tcap. The ring was made up of
a 7 nm Cr adhesion layer [163], and a variable thickness Au top. The ring was
characterized by three key parameters: TAu, the hight of the gold layer; rinner,
the inner radius of the hole in the ring; and router, the outer radius of the ring.
The QD was modelled using a dipole source with a Gaussian emission spectrum
centred at 910 nm, placed 95 nm below the surface of the sample.

GaAs

AlGaAs

GaAs
QD

rinnerrouter
TAu

TCap

Δx

Figure 4.1: Schematic of a metallic nanoring and the QD substrate, with critical
simulation parameters shown: capping thickness, Tcap; thickness of ring Au layer,
TAu; ring inner radius, rinner; ring outer radius, router; displacement of ring to QD,
∆x.

Initial parameter sweeps were run to establish coarse upper limits for the
device design, with the lower limits being dictated by fabrication resolution.
A particle swarm optimization routine [164] was then used to tune the device
dimensions, to maximize the electric field incident on a 1 µm2 surface, 2.5 µm
above the sample. The optimal dimensions were: TAu = 60 nm, rinner = 220 nm,
and router = 540 nm.

In the simulations, the electric field intensity (|E2|) is calculated for an
emitter in bulk (Figure 4.2a2); and measured on a plane parallel to the sample
surface (Figure 4.2a). A line-cut across this surface (as indicated by the dotted
line in Figure 4.2b) is shown in Figure 4.2c, fitted with a Gaussian function.
The full-width half-maximum (FWHM) of the far-field profile in bulk is 3.9 µm.
Identical simulations were performed using a ring with the optimal parameters,

1I prefer the catchier name of ‘Pineapple Rings’ as suggested by a colleague at a workshop,
based off of false-colour scanning electron microscope (SEM) images, where the rings were
coloured gold.

2When viewed digitally, due to rendering artefacts, the FDTD mesh can be discerned.

39



CHAPTER 4. METALLIC NANORINGS

as shown in Figure 4.2. The electric field can be seen to be focussed by the ring:
the far-field emission is brighter and the line-cut Gaussian FWHM is reduced
to 2.5 µm. A comparison of the integrated |E2| over the far-field surfaces shows
that the ring enhances the emission by×7.2. It can also be seen that a significant
amount of light is lost into the substrate with and without the nanoring; this
could be addressed by including a back reflector to re-direct light upwards.
Simulations were run to calculate the field loss caused by the metallic nanoring:
the simulated volume was surrounded by monitor surfaces and the electric field
integrated over all surfaces in the case with and without a metallic nanoring.
The plasmonic losses were found to be negligible.

Additional simulations were undertaken to investigate the performance of
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Figure 4.2: (a) FDTD simulation of the electric field from a dipole emitter, 95 nm
below the surface – representing the emission from a QD in bulk. The solid white lines
indicate the material structure as shown in Figure 4.1. (b) Plot of the electric field at
a distance of 2.5 µm from the surface of the substrate, indicated by the dashed line in
(a). (c) Line-cut across the far-field profile (symbols) indicated by the dotted line in
(b), a Gaussian fit is shown in blue with the FWHM indicated. (d)-(f) As (a)-(c) but
with a metallic nanoring placed on the substrate surface centred around the dipole
source. The ring is indicated by additional white lines in (d).
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4.3. FABRICATION OF NANORINGS

the ring if it were off-centre and if the capping thickness were adjusted, Fig-
ure 4.3. To simulate displacement, the ring was moved relative to the emitter
position (this kept the field monitors static), shown by the displacement ∆x
in Figure 4.1. The results indicate that a displacement of 50 nm would lead to
a drop in performance to ∼ ×6; fabricating the device to within 50 nm is well
within the accuracy provided by the positing technique in section 3.2. The emis-
sion drops off to zero at ∼300 nm, where the emitter becomes masked by the ring
itself. The variation of capping layer thickness, Tcap (as in Figure 4.1), does not
appear to have much effect on device performance (for fixed ring dimensions)
as shown in Figure 4.3; this is of particular interest, as emitters simply placed
on the surface instead of being sub-surface could also benefit from enhancement
from the nanoring. However the devices were not optimized for this, so higher
enhancements may be possible with refinement of the device dimensions.
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Figure 4.3: Simulation of the dependence of the emission enhancement factor as a
function of: dipole position relative to the ring centre (∆x, green); and dipole distance
to the sample surface (Tcap, black) with the QD centred to the ring.

4.3 Fabrication of Nanorings

Nanorings were fabricated around emitters identified and located using the po-
sitioning scheme, and using conventional complementary metal oxide semicon-
ductor (CMOS) processes: patterning using electron beam lithography (EBL),
thermal evaporation and chemical lift-off, recipes described in section A.1.

EBL is a type of mask-less lithography, where no physical mask exists to
block exposing radiation, the exposure is guided by an computerized electronic
mask. EBL uses a highly focussed beam of electrons which are directed onto
the sample to be exposed, which has been coated in a thin layer (∼400 nm
thick) of polymer which is electron sensitive (Figure 4.4a), in the case of the
nanorings, the high-resolution resist poly(methyl methacrylate) (PMMA) was
used [165]. A dual resist structure was used for the patterning of the alignment
crosses, but not for the nanorings, due to the small size of the ring centre – a
dual scheme would have undercut the central resist island. The exposed resist
is then developed in a manner analogous to film photography. In order to write
the nanorings with sufficient accuracy, alignment is required. Local ‘chip-marks’
were specified, the four crosses that formed a bounding box around the QD. Each
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CHAPTER 4. METALLIC NANORINGS

arm of each cross was scanned to determine the exact position of the mark, the
scan marks are visible around the cross in Figure 4.4b, using these positions the
pattern can be written to sub 4 nm accuracy.

To reproduce the nanoring in metal, a thin metal film is deposited over the
entire sample using thermal evaporation, Figure 4.4c. In this process the coating
metal is heated in a holder made from molybdenum (Mo), chosen due to the
high melting point of 2622°C [166]. Metal coats all surfaces with line-of-sight to
the metal source, metal makes contact with the sample in areas where the resist
has been removed, adhering to the surface. Deposition thickness is monitored
and the process halted when the desired thickness is reached.

The excess metal film is removed using lift-off (Figure 4.4e), where the resist
layer is dissolved in a solvent; taking away any non-adhering metal. Slight
agitation is used to aid the process for small features. This leaves the finished
nanoring, rendered in Cr and Au, Figure 4.5. Figure 4.6 shows several nanorings
on a sample and the alignment crosses.

4.4 Characterization of Nanorings

Self-assembled QDs grown with a distribution of wavelengths, and random spa-
tial positions. Therefore, prior to fabrication of nanoring, several measurements
need to be taken: photoluminescence (PL) images to determine the position of
the QDs and spectral measurements to characterize the emission of the QDs in
bulk. Figure 4.7 shows a typical PL image, with the grid and QD PL visible,
from which positions are determined (section 3.2). Power-resolved spectral mea-
surements are taken, these determine the initial brightness of the QD in bulk
and its saturation behaviour. A typical bulk spectrum is shown as the green line
in Figure 4.8. After the fabrication of the nanorings around selected QDs, the
spectral measurements are repeated, so the change in brightness of the emitters
can be measured.

The change in brightness of emission lines from QDs is done using the inten-
sity of emission lines in spectrograms. This is highly sensitive to the in-coupling
of light to the spectrometer: an enhancement could erroneously result from a
better coupling when making measurements with the nanoring than when mak-
ing those in bulk. To eliminate this, the quality of the spectrometer coupling was
measured: several QDs were selected near fabrication sites which would act as
calibration sources. No nanorings would be written around these QDs, so their
bulk emission should remain constant, allowing the coupling to the spectrom-
eter to be determined on a day-to-day basis. Any difference in count rate was
attributed to variation in coupling and measurements were scaled accordingly.
These adjustments were up to a maximum of ∼ 30%.

4.5 Results

Example of power resolved spectra (a power series) are shown in Figure 4.9. For
these measurements, the excitation power of the laser was varied, and spectra
taken at each laser power; this shows the emission properties as a function of
pump power density. The left panel shows a zoom-in of an emission line shown
in Figure 4.8, before and after ring deposition, with Lorentzian fits. The right
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(a) Developed EBL of nanorings. The re-
sist layer is shown in green, the missing ar-
eas are where the resist has been removed
during developing.

5 µm

(b) Optical image showing developed
resist after write. The mask pattern is
visible as areas where the resist layer
has been removed.

(c) Metal layer (gold) deposited over entire
sample using evaporation.

5 µm

(d) Optical image of sample after gold
evaporation.

(e) Removal of resist and metal layer, leav-
ing finished device.

5 µm

(f) Optical image of metallized ring
and crosses.

Figure 4.4: Fabrication process for metallized nanorings onto a sample substrate: (a)
patterning of rings into resist using EBL, shown once developed; (c) ring metallized in
Au; (e) chemical lift-off removes excess metal, leaving a ring. (b), (d), (f) micrographs
of a sample for each of the process in (a), (c), (e). Optical micrographs shown in real
colour.
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200 nm

(a)

200 nm

(b)

Figure 4.5: (a) Scanning electron micrograph of a Au nanoring on a GaAs substrate.
(b) Micrograph with 35°tilt.

5 µm

Figure 4.6: Scanning electron micrograph of metallized nanorings. Scanning marks
from the EBL aligning process are visible around the cross centres.
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Figure 4.7: PL image of SSQDs in bulk under 455 nm LED excitation and 940 nm LED
illumination to image the grid. Image parameters: 1 s integration, 360 acquisitions,
×50 gain, T = 8.3 K.
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Figure 4.8: PL spectra from a SSQD at saturation under 785 nm continuous wave
(CW) laser excitation, shown in bulk (green) and with ring (yellow).
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panel shows the peak value of Lorentzian fits of spectra for each power density.
The dashed lines are fits using the equation [167]:

I(P ) = Imax

(
1− e− P

Psat

)
(4.1)

where I is the intensity at pump power P , Imax is the maximum emission
intensity and Psat is the power at saturation. This shows that we can achieve
an emission enhancement at saturation of ∼ ×25. It should be noted that this
equation applies under pulsed excitation, whereas the measurements were made
using CW excitation. When CW is used the intensity does not saturate, but
reaches a peak and decreases as excitation is increased further. Under pulsed
excitation the emission saturates as excitation power is increased. This is caused
by the QD being unable to fully relax after excitation, so other recombination
pathways begin to dominate at higher excitation energies.

These nanorings have no cavity mode, and do not provide Purcell enhance-
ment to the QDs, instead act as a lens focussing the emission. Consequently,
their bandwidth is greater than a micro-cavity based device: & 4 pm for a mi-
cropillar [156] or ∼ 5 nm for a bullseye device [27]. Experimentally, the same
nanoring design was used for emitters from 900-960 nm without modification,
and multiple emission lines were enhanced. As can be seen by the spectrum in
Figure 4.8, multiple emission lines are enhanced by varying amounts. This is
believed to be caused by modification of the focussing of the excitation laser
spot by the nanoring (changing local power density), which in turn can excite
different charged states differently [168, 169]. By using the nanoring as an elec-
trical contact, an electric field can be applied over the QD to charge-tune the
QD [155]. This could allow the behaviour of how charged states interact with
the nanoring to be fully understood.

By examining the enhancement of multiple devices, statistics of performance
can be obtained. Figure 4.10 shows that 78% (29) devices provided emission
enhancement, with 19% (7) providing over ×10. The variation in enhancement
factor could be attributed to errors in device placement, non-central positioning
of the ring around the QD location.

4.6 Conclusions

The nanorings have been demonstrated to provide enhancements up to ∼ ×25
of single emission lines, with a yield of 78% of successful devices. They utilise
a lensing effect which is intrinsically broadband, and do not rely on any cav-
ity. Therefore, metallic nanorings are compatible with a wide range of emit-
ter/substrate combinations, such as: NV centres, molecules, carbon nanotubes
and colloidal quantum dots.

The nanorings are relatively easy to fabricate, involving only a single litho-
graphic step and have feature sizes within the reach of optical and nano-imprint
lithography [170]. The metal ring can also be used as an enhancement-providing
electrical contact for: charge-tunable devices [155] (which typically suffer be in-
compatibility with other light-enhancing devices, and have to resort to using
SILs); Stark-effect wavelength tuning [171]; charge-noise reduction using elec-
tric fields [143]; and potentially electrical carrier injection [172]. The nanorings
can also be hybridized with other devices to combine enhancements, such as:
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Figure 4.9: Left panel: Zoom-in of spectra from a single PL emission line from a single
QD (symbols), collected at saturation level before (green) and after (yellow) ring
deposition, taken at T = 10 K, shown with Lorentz fits (lines) Right panel: Emission
intensities as a function of excitation power density (symbols) and their fits (dashed
lines) for the emission lines shown in the left panel (same colour coding), lighter points
indicate the spectra shown. Intensities are normalized to QD peak emission in bulk
at saturation.
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Figure 4.10: Histogram of measured enhancement factors for fabricated devices, with
colour-coded totals.
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bottom reflectors to capture light lost into the substrate (as shown in the sim-
ulation in Figure 4.2); SILs to further focus and extract emitted light; optical
fibres deterministically positioned over the nanorings to collect emission and
direct it to experiments in a monolithic device.

4.7 Solid Immersion Lenses

So far with the metallic nanorings, enhancement of emission brightness has
been demonstrated, up to factors of ×25 using a broadband lensing effect. This
has proved the principle of the nanoring devices; however, enhancement occurs
differently over the emission lines. Charge-tuning can be used to unravel the
behaviour, increased source brightness would aid in these measurements. As to
prevent any artefacts from this further enhancement, all of the emission lines
should be enhanced equally. To this end, another broadband device is needed
to further enhance the emission. A solid immersion lens (SIL) can fulfil this
function: is is a broadband device, and is relatively simple to integrate into the
ring system.

4.7.1 What are Solid Immersion Lenses?

A SIL is a lens which fills the object space (the gap between the lens and the
object) with solid material [173], liquid-immersion lenses achieve this by using
a range of oils and solvents with engineered optical properties. One method
of filling the object space, is to simply place the lens directly onto the object
itself3. They are typically used to reduce the diffraction limit of conventional
far-field microscopy. The high-index material of the lens diffracts light to a lesser
degree than air, resulting in a smaller diffraction limit under the lens compared
to without the lens at all. They allow a larger collection angle of light from
an emitter to be directed to collection optics, Figure 4.11. By using a SIL of
intermediate refractive index, between that of the sample and air, total internal
reflection can be reduced at the sample/SIL interface – allowing more light to
be collected.

Subsurface Emitter

nlens

nsub

nair

Figure 4.11: Schematic of a hemispherical SIL, showing: a SIL (pale blue), with
refractive index =nlens; a substrate (grey), nsub; and air, nair. The red lines are ray
traces showing the lensing of light emitted from an emitter (black triangle) under the
centre of the SIL.

3In some cases, a thin layer of grease or oil is used between the sample and lens surface to
ensure a good optical contact [27].
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An optical micro-lens is a simple optical component to introduce, a hemi-
sphere or super-hemispherical dome of high-index material placed over a light
emitter. There are several approaches to implement them. The first is to simply
place ‘by-hand’ a millimetre-sized glass SIL over the sample [27]. Such SILs are
readily available and no not require fabrication of the SIL by the end user. They
are typically able to achieve enhancements of ∼ ×5 [173].

For quantum dot (QD) samples, an alternative approach is to fabricate the
SIL on the sample deterministically. Using 3-dimensional (3D)-electron beam
lithography (EBL), a dome of resist can be patterned over the site of a QD in
bulk. Etching is then used to transfer the SIL pattern to the material of the
capping layer, resulting in a SIL ∼ 1 µm in diameter. Extraction efficiencies up
to 23(±3)% have been achieved using such SILs [174]. Cathodoluminescence
spectroscopy is used to locate QD during exposure. This requires specialized
lithography equipment that can cryogenically cool a sample and perform optical
characterization all in-chamber.

Aligned optical 3D-printed polymer SILs are fabricated by using a laser to
expose a photoresist, forming a SIL. During optical characterization, in situ
lithography is used to pattern markers around a selected QD, which are etched
to transfer the markers to the substrate. A scanning laser system can use these
marks for alignment, and expose a hemispherical dome over the QD, forming a
SIL of diameter ∼ 20 µm. Enhancement factors of only ≈ 2 are reported [168],
due to lens shape and index contrast available.

A simpler technique is to fabricate larger lenses and remove the need to
define the lens shape by raster-scanning. By also moving towards a super-SIL
shape, where the lens is super-hemispheric, larger magnifications are available.
The lens is formed by dispensing a droplet of ultra violet (UV)-curable epoxy
(η = 1.54) over the sample, electrowetting is used to control the SIL shape
[175, 176]. The process is performed with the sample immersed in glycerol,
which increases the contact angle between the droplet edge and the substrate,
by modifying surface tensions at the interface [177]. Finally the epoxy is cured
using UV light. An example of a finished super-SIL is shown in Figure 4.12.
Optical magnifications of ×1.8 have been reported, with emission enhanced by
×4.0 [178], for WSe2 flakes on a SiO2 substrate. By combining this type of
super-SIL with metallic nanorings on a GaAs substrate (which has a higher
refractive index contrast), larger enhancements should be available, leading to
high brightness photon sources.

100 µm

900 µm

Figure 4.12: Optical micrograph of a typical UV-cured resin super-SIL, with diameter
shown, taken whilst immersed in glycerol.
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4.7.2 Characterization and Results

Initial characterizations were made using the dual light emitting diode (LED)
configuration to image the sample, Figure 4.13. By comparison with the photo-
luminescence (PL) image shown in Figure 4.7, it can be seen that the image is
enlarged by the SIL. Another effect is modification and distortion of the image,
the QD shown in Figure 4.13 looks ‘diffracted’, this distortion occurs to emitters
that are located a far away (> 80 µm) distance from the SIL apex.

Figure 4.13: PL image of solid state quantum dot (SSQD) with nanoring imaged
through a SIL using 455 nm LED excitation and 940 nm LED illumination, with a
550 nm longpass filter (LPF). 2 s integration, 180 acquisitions, no gain, 10.5 K.

To characterize the effects of the individual components, QDs were spectrally
characterized in bulk, after nanoring deposition around the QDs and after SIL
deposition over a target area. As with the nanorings alone, QDs were selected to
be used as references to quantify the spectrometer coupling, which were outside
of the SIL area.

Pump-power resolved measurements were taken at each stage, to determine
the brightness of individual QDs at saturation. The flux of photons on the first
lens is reported here, as this measure allows direct comparison of the photon
source to others, decoupling the losses of the experimental apparatus, the cal-
culation of the transmission factor is shown in section 4.7.3. Typical results are
shown in Figure 4.14, the QD intensity is first enhanced by the ring and then
further by the SIL. The effects stack, allowing photon fluxes as high as 900 kHz
from a single QD. The plot shows that the nanoring provides enhancement of
×4.3 and the SIL provides ×5.4, for a total combines of ×23.1.

The statistics of multiple devices was investigated, both for QDs in bulk
and those with nanorings. These are shown in Figure 4.15, where the highest
enhancement by the SIL is ×10; the SIL enhancement is uniform for all emission
lines, unlike that of the nanorings. There is some variation in the enhancement
factors of the emitters under the SIL, this can be attributable to the distance the
emitter is from the apex of the SIL, as shown in Table 4.1, however the distances
are all below 100 µm, which is an order of magnitude below the SIL diameter of
900 µm. An optimally positioned nanoring is able to provide ×25 enhancement
of emission (shown in Figure 4.9); which, if directly under the SIL apex would
be further enhanced by ×10; provides a theoretical enhancement of ×250 for a
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single emission line. This could be further increased by the incorporation of a
back reflector into the substrate.
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Figure 4.14: Left panel: PL spectra collected at saturation pump power for the QD
in bulk (purple), with nanoring (pink) and after super-SIL deposition (amber). Right
panel: Power resolved intensity of the emission lines shown in the left panel, lighter
dots correspond to the the spectra shown in left panel, dashed lines are fits to the data
using Equation 4.1.

4.7.3 Setup Transmission Calculation

To be able to compare brightnesses of light sources, it is most useful to compare
the flux of photons incident on the first collection optic; as different experiments
will vary, making detector count rates incomparable. To this end, the transmis-
sion of the set-up (as shown in Figure 4.16), from photon entry into the objective
to registration as a count, needed to be determined. This required evaluation
of four parts of the setup: the objective, the path to the spectrometer, the
spectrometer itself, and the charge coupled device (CCD).

The objective and path to spectrometer transmission values were determined
by shining a laser along the light-path and measuring the beam power to deter-
mine attenuation. Data-sheet values were used for the CCD quantum efficiency,
gain (photon to electron conversion), and window transmission.

To determine the transmission of the spectrometer, a laser beam of a known
power was shone into the spectrometer and the CCD count rate recorded. A
measurement of the laser power incident on the spectrometer was made, and
by using wavelength to determine the energy of a single photon, the number
of photons incident could be calculated. By convolving: the CCD gain losses,
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Device № Distance [µm] Error [µm]

1 78.77 0.06
2 28.48 0.14
3 97.01 0.05
4 70.35 0.06
5 54.98 0.08
6 54.98 0.08
7 42.87 0.09
8 99.22 0.03
9 71.28 0.03
10 90.12 0.03
11 58.03 0.04
12 20.82 0.11

Table 4.1: Distances of numbered devices from apex of the PL.

1 2 3 4 5 6 7 8 9 10 11 12
Device Number

0

1

2

3

4

5

6

7

8

9

F
lu

x
on

1st
L

en
s
[ C

ou
nt

s
s−

1
]

×105

SIL
Ring
Bulk

(a)

1 2 3 4 5 6 7 8 9 10 11 12
Device Number

0

5

10

15

20

25

E
nh

an
ce

m
en

t
Fa

ct
or

SIL
Ring

(b)

Figure 4.15: (a) Histogram showing the photon flux incident on the first lens at pump
saturation power for QDs in bulk (purple), with nanoring deposited around the QD
(pink) and with a super-SIL (with or without nanoring) deposited onto the sample
surface (amber). (b) Enhancement factors attributable to the nanorings and super-
SILs, compared to emission in bulk; for the QDs shown in (a), using same colour
coding. For devices 4 to 7, the enhancement for the PL includes that of the nanoring.
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detection efficiency, and window losses; the number of photons incident on the
detector window could be calculated. The spectrometer transmission is the
difference between the photons incident on its entrance and those incident on
the detector window. The transmission of the objective and optical path to the
spectrometer were measured by sending a laser through these components and
measuring the reduction in beam power.

The transmission values for the system are shown in Table 4.2. The spec-
trometer transmission Tspec is directly measured and is a convolution of the
reflectivities of the components in the spectrometer (Rm and Rgra). The total
transmission is 1.76(±0.08)%.

90:10

C
C

D

Spectrometer

Tobj

Tsetup

Tl1

Rgra

Twin

εCCD

Sample 
Emission

GCCD

RmRm

Rm

Figure 4.16: Diagram showing transmission and reflectivity of optical components in
the µ-PL set-up, not shown: Tspec, the transmission of the spectrometer system.

Component F

Tobj Objective 0.641
Tsetup Optical Path to Spectrometer 0.635
Tl1 Lens 0.992
Tspec Spectrometer 0.230
Twin CCD Window 0.994
εCCD CCD Q.E. 0.189
GCCD CCD Gain 0.333

Total 1.76(±0.08)× 10−2

Table 4.2: Fractional values (F ) for transmission, reflectance, or efficiency for parts of
optical path identified in Figure 4.16. The total transmission indicates the transmission
from first collection optic to a registered count on the detector.
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4.7.4 Conclusions

The combination of a deterministically positioned super-SIL and metallic nanor-
ing has been shown to provide a cumulative enhancement of ×20, with the
potential of up to ×250 with optimally positioned nanorings and super-SILs
(combining the ×10 SIL enhancement with the ×25 from a nanoring). The
QDs examined have a peak bright emission rate approaching 1 MHz. The de-
vice is wavelength insensitive as it relies entirely on the broadband lensing effects
of the nanoring and SIL. The emitters remain in bulk, avoiding the detrimental
effects that lead to reduced coherence and stability of the light emission, caused
by etched surfaces in close proximity to the emitter [158]. The fabrication of
these hybrid devices is relatively simple, the nanorings are a single lithographic
process that is within the reach of optical and nano-imprint lithography; the SIL
requires a simple immersion and dispensing set-up. These devices are scalable
and can work with a selection of solid-state emitters which can be placed in the
centre of the nanorings, or embedded below a protective capping layer.
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Chapter 5

Quantum Dots for
Plasmonic Applications

Why can’t we make them very
small, make them of little wires,
little elements – and by little, I
mean little.

Richard Feynman
There’s Plenty of Room at the

Bottom (1959)

P
urcell enhancements are needed to increase the spontaneous emis-
sion rate from emitters such as solid state quantum dots (SSQDs)
and decrease de-coherence effects [69], leading to brighter and highly
indistinguishable single-photon sources. Currently the nanoring de-

vices are only able to provide a broadband lensing effect, without any Pur-
cell enhancement. Plasmonics have been shown to allow Purcell enhancements
[179], the metallic nanoring could be adapted to also act as a plasmonic an-
tenna. Quantum dots (QDs) provide high quality optical emission: high single-
photon purity [27], high indistinguishibility [180], high brightness and emitter
stability. However, the relatively thick capping layers required for high optical
quality (> 30 nm) [132] mean that the QDs couple poorly to the highly local
field enhancement provided by plasmonic devices. Attempts using patterned
substrates to grow SSQDs with thin capping layers (10 nm) have resulted in in-
creased broadening of the emission lines (up to 1 meV) [181]. Presented here is
an alternative growth technique, whereby droplet QDs can be grown with thin
capping layers, whilst retaining good optical characteristics. The sample growth
was performed by the group at KIST, headed by Jin Dong Song. The atomic
force microscopy was performed by Luca Sapienza. I fabricated a reference grid
onto a sample and performed optical characterization. This work is published
as [182].
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5.1 The Road to Plasmonic Enhancement

Plasmonic devices confine the electric field on the nano-scale, using metallic
structures [127] and have been shown to allow modification of spontaneous emis-
sion [179] and can alter emission directionality [183]. This tight confinement
of the field has found application in scanning-probe microscopy [184], where
field concentration can provide enhanced interaction at the end of a scanning
tip. Light concentrating structures exhibit modest quality-factor (Q-factor) of
∼ 10-100, however they can provide mode volumes much smaller than dielec-

tric cavities, V ∼
(
λ
2

)3
, leading to large Purcell factors [185]. Bowtie devices

have emerged as one of the leading device types [186] for emission enhancement,
due to their strong sub-wavelength light confinement, high spectral tunability,
and polarization control. They have been demonstrated with single-molecule
florescence, where emission was enhanced by ≈ 1340 [128].

The tight field confinement poses a problem when trying to couple emitters to
plasmonic devices, since emitters need to be in close proximity (few nanometres
range) in order to couple with the plasmonic mode [185]. This renders SSQDs
unsuitable, the capping layer is too thick. As the capping layer is thinned
the line-width broadens and the photoluminescence (PL) intensity decreases,
due to dephasing and spectral diffusion [132]. Line-width broadening, caused
by dephasing, is undesirable as it decreases indistinguishibility of the emitted
photons, as two emitted photons can have different energies to each other, with
their wavefunctions no-longer being identical; decreased brightness means that
the source emits less photons; both of these factors decrease the usefulness of
SSQDs as a viable single-photon source for quantum information technologies.
Plasmonic devices with SSQDs have been demonstrated using QDs with line-
widths of ∼1.1 nm [187].

Lack of high-quality optical emission from suitable SSQDs has prevented
them from being extensively used with plasmonic devices. This has led to other
classes of quantum light emitters being used: colloidal quantum dots [188, 130],
single molecules [128], fluorescent dyes [189], and nitrogen vacancy centres [82].
Some emitters (colloidal QDs, molecules and dyes) suffer from instability which
leads to blinking and bleaching over varying time-scales, making device longevity
a key barrier. Also, these emitters are incorporated into devices by means of dip-
[189] and spin-coating [188] of plasmonic device substrates. Such fabrication

techniques are non-deterministic so lack scalability.
Currently the dominant route to growing SSQDs with thin capping layers

has been to use filled nanoholes. During growth, nanoholes are etched into the
substrate in situ using local droplet etching. Ga droplets are formed on a GaAs
substrate, with no As flux in the deposition chamber. This causes As in the
substrate to diffuse into the Ga droplet, causing it to sink into the surface.
This forms a cone-shaped Ga feature buried in the substrate, a filled nanohole
[190]. Using this technique thin capping layers of a few nanometres are possible.
However, the apex of the cone (where exciton wave-function is concentrated) is
pointed into the substrate – further away from the localized field of a plasmonic
device on the substrate surface. Table 5.1 shows the current state-of-the-art
in growth of thin capping layers. There is a trend of increasing line-widths as
capping thickness decreases, with QDs accessible to plasmonics characterized
by broader emission lines compared to Stranski-Krastanov (SK) QDs.

Droplet epitaxy is an alternative technique to form quantum dots on a sub-
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5.2. DROPLET QD GROWTH WITH INTERNAL THERMAL HEATING

Capping Thickness [nm] Line-width

10 1 meV [181]
12.5 344 µeV [191]
15 186 µeV [192]
100 70 µeV [193]

Table 5.1: Comparison of reported line-widths of nanohole QDs with thin capping
layers, showing the trend of line-width increase with decrease of capping thickness.

strate. The GaAs substrate is heated in an As flux at high temperature (590°C)
to stabilize the surface. The chamber is then heated to ∼ 200°C and a Ga flux is
then introduced, equivalent to ∼ 2-3 monolayers. The Ga forms droplets on the
substrate surface [194]. After ex situ annealing to eliminate strain, the droplets
can be capped with AlGaAs using conventional molecular beam epitaxy (MBE)
to complete the band-structure [195]. Typically this capping layer is thinner
that that required for SK QDs: line-widths of 26 µeV are reported with 40 nm
capping [196]; and capping at 10 nm is reported, but optically characterized at
high density [195]. By introducing As into the chamber after droplet formation,
a range of different shapes can be obtained [197]: QDs, double-QDs (two QDs
next to each-other, within ∼ 30 nm), Q-rings (a ring of low bandgap material)
[198], and double-Qrings (two concentric Qrings) [199].

5.2 Droplet QD Growth with Internal Thermal
Heating

The size and shape of a droplet control the optical characteristics of the QD,
of paramount importance for quantum photonics. The shape of droplet QDs
can change during post-growth annealing performed to improve the crystalline
structure; this step is necessary as during droplet epitaxy the group III and V
elements become separated. Thin capping layers are deposited over the droplets
to help maintain their shape at high temperatures, which can cause deformities
of shape or loss of the droplets. Rapid thermal annealing (RTA) is typically
used post-growth to anneal the crystalline structure.

Internal thermal heating (ITH) is a process where the annealing takes place
in the growth chamber immediately after the droplet growth, at high vacuum.
This process allows better control of the droplet height compared to ex situ
RTA. The annealing also takes place within the same ultra-high vacuum growth
chamber, reducing processing time and decreasing contamination. The capping
layer can also be grown at the ITH temperature – higher than the formation
temperature of the droplets.

A schematic of the growth procedure is shown in Figure 5.1. Firstly a GaAs
substrate de-oxidized in As4 at 580°C, and a 50 nm-thick Al0.3Ga0.7As layer is
grown on a ∼200 nm GaAs buffer (as shown in Figure 5.2). On this surface, Ga
droplet islands are grown (substrate temperature: 321°C, 2 Ga monolayer (ML)
growth, 0.5 ML/s Ga flux as GaAs equivalent), with growth interrupted after
10 s. After cooling to room temperature, an As4 flux of 1×10−5 Torr is injected
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Figure 5.1: Schematic of droplet QD growth recipe, with an ITH step. Axes not to
scale.
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5.3. CHARACTERIZATION

into the growth chamber, on the liquid Ga droplets. The substrate temperature
is then brought up to TITH for the ITH process. This temperature was varied
for study, with 580°C proving optimal. The ITH for island growth is continued
for 10 mins, with an As4 flux of 6×10−6 Torr, to prevent As evaporation (which
would cause droplet deformation). An 11 nm Al0.3Ga0.7As capping layer is
grown over the Ga islands after the ITH is complete: an initial 8 nm is grown
at 563°C, with an additional 3 nm grown at 580°C. The higher temperature
of capping layer growth (the same as the ITH) reduces formation of defects,
leading to a reduction in emission line-width by removing strain effects. Narrow
line-width is a key attribute for high indistinguishibility single-photon sources.

GaAs

AlGaAs 50 nm

GaAs QD 11 nm

208.3 (±42.5) nm

3.8 (±1.0) nm

Figure 5.2: Schematic of droplet QD, showing growth thicknesses and average mea-
surements from capped QDs, not to scale.

5.3 Characterization

Atomic force microscope (AFM) examinations were made of samples grown
using ITH, which allowed the morphology as a function of TITH to be charac-
terized. The width (long-axis) of the droplets did not significantly change with
TITH, with the height decreasing as TITH was increased to 580°C. Figure 5.3
shows a 11 nm capped droplet QD annealed at TITH = 580°C, with a height of
8.7 ± 3.4 nm, and width 104.2 ± 13.4 nm. The AFM measurements indicate a
3.8±1.0) nm deformation of the sample surface over a QD location, this is less
than the thickness of uncapped droplets, so the capping layer is likely to be less
than the deposited 11 nm directly over the QDs. Post-capping, the change in
height, but not width results in a flattening of the tops of the droplets, which
is consistent with previous accounts [200].

The optical properties of the droplet QDs were examined. Firstly the lo-
cation and density of the QD growth was examined. Whilst illuminating the
sample with a 455 nm light emitting diode (LED) excitation source, the PL in a
narrow window of 700-800 nm was imaged, Figure 5.4. This was achieved using
edge-pass filters, and was necessary to eliminate the bright wetting-layer PL at
820 nm. The image shows the high density of QDs which was present across the
chip, which was confirmed by AFM examination, this shows that most emitters
are optically active. The density of droplet QDs was determined to be ∼6 µm−2.

Single QDs were selected, an example is circled in Figure 5.4, and excited
with the 405 nm laser, of spot diameter 2 µm. Sharp emission lines are visible
in the spectrum from a single emitter, Figure 5.5a, with single emission lines as
narrow as 0.175 nm full-width half-maximum (FWHM) from a Lorentzian fit,
Figure 5.5c. By taking power resolved spectra, a power series can be taken,

59



CHAPTER 5. QUANTUM DOTS FOR PLASMONIC APPLICATIONS

0.0

8.2

0.3

0.0
0.3

0.0

x [µm]

z 
[n

m
]

y [µm]

Figure 5.3: Atomic force micrograph of a single droplet QD. AFM parameters: tip
radius, 7 nm; spring constant, 26 Nm−1; resonance frequency, 300 kHz.

Figure 5.5b; the response is linear, indicating that the QDs are operating below
saturation, this could be attributable to poor absorption at the pump wave-
length of 405 nm, which was far away from the 700-800 nm emission region. The
response can be reproduced over multiple cool-down cycles, showing that the
emission is stable, despite the thin capping layer.

The spectrum in Figure 5.5c shows a sharp resonance centred at 727.4 nm
and a broader peak at longer wavelengths. The latter could be due to coupling to
phononic states, so-called phonon sideband. Even though at the measurement
temperature of 4.8K, it would be expected that most of the phononic modes
would be inactive. However some transitions between the electronic excited
state and the phononic manifold might still be possible and give rise to a lower-
energy and broader emission peak, as see for instance in InAs/GaAs QDs [201].

The side-band visible in the spectrum (Figure 5.5c) could be attributed to
phonon interaction. The ground and excited states have a number of vibrational
modes, providing a manifold of different energy transitions [72]. At the low
temperature (T = 4.8 K), most photon emission is into the zero phonon line
(ZPL); however other phonon-mediated pathways are possible and give rise to
lower-energy photon emission forming the side-band.

5.4 Conclusions

Droplet epitaxy using ITH has been shown to produce SSQDs with thin capping
layers of 11 nm, and narrow line-widths (175 pm) compared to state-of-the-art
10 nm thin-capped QDs (0.5 nm) [181]. This provides a route to exploiting the
benefits of SSQDs, namely the superior optical properties and stability of a
solid-state emitter, whilst dispensing with the thick capping layer which posed
a barrier to plasmonic applications [127].

Such emitters are ideal for studying plasmonic effects, example structures
which can enhance the light-matter interaction include: metallic nanorings de-
terministically deposited around the emitters, chapter 4; bowtie antennas [186];
or metallic nanocubes [189]. In comparison to other fluorescent emitters such as
dye molecules and colloidal quantum dots which have been the workhorse emit-
ters in plasmonic experiments [185], the droplet QDs provide stable emission
which is not degraded by laser excitation, changes in temperature or environ-
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Figure 5.4: PL image of the droplet QD sample, showing emission in the 700-800 nm
region, under 45 nm LED excitation. Circled QD indicated location where spectral
characterization was performed in Figure 5.5 Image parameters: 2 s integration, 180
acquisitions, ×200 gain, T = 4.8 K.
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Figure 5.5: (a) PL spectrum of droplet QD sample, under 405 nm laser excitation,
with a power density of 1.8 × 10−4 µW/µm2 at 4.7 K, showing sharp emission lines.
(b) Emission intensity as a function of excitation laser power density, for the emission
line at 727.4 nm, highlighted point corresponds to spectrum show in (a). (c) Zoom-in
on emission line at 727.4 nm (symbols) from panel (a), with a Lorentzian fit (red line).
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mental interaction. They are also compatible with deterministic device fabrica-
tion, where emitters can be pre-positioned (as in section 3.2); in comparison to
QDs which are deeply buried, the shallow-buried droplet QDs can be located
using alternative techniques such as AFM. This can allow charge-tunable nanor-
ing devices to be developed, which exploit plasmonics for Purcell enhancement
of QDs, to allow bright single-photon emitters.
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Chapter 6

Photonic Crystal Cavities

And now for something
completely different.

Monty Python

P
hotonic crystals introduce a photonic bandgap into material, provid-
ing control over light propagation. By carefully introducing defects
into their periodic structure, devices can be made: such as cavities.
As the target wavelength of photonic crystal (PhC) devices shortens,

to head form the infra-red into the visible light regime, the feature sizes (lattice
periodicity and hole radius) of the devices become smaller. However, imper-
fections introduced during fabrication remain, and non-negligibly degrade the
performance of devices at the size-scales required for visible light operation1.
Consequently PhCs require high levels of engineering to fully realize design per-
formance. The PhC cavity provides a handy potted example demonstrating
this. The simulations of the device were performed by Josh Nevin, with Chris
White helping with characterization and analysis of the devices. I fabricated
the devices, performed characterization and analysis.

6.1 The L3 Cavity

As mentioned briefly in section 2.2.2, cavities can be made within a photonic
crystal by removing some of the air holes: creating a small region of bulk ma-
terial with no photonic bandgap, surrounded by a photonic band-gap material.
PhC cavities are a very attractive device, as they offer a high level of configura-
bility. Firstly the photonic crystal lattice can be tuned, by altering the home
size and separation. Then, holes surrounding the cavity can can be altered
(displacement from periodic spacing, and hole size) to precisely tune the cavity.

Here, discussion shall be restricted to the 2-dimensional (2D) geometry only.
Cavities are usually labelled by the number of missing holes, for example the
device shown in Figure 6.1 is an L3 cavity. To maximize the light-matter in-
teraction a high quality-factor (Q-factor) and a small mode volume are desired.

1Fabrication imperfections also affect devices at longer wavelengths, however devices for
shorter wavelengths are more sensitive.
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Typically the L3 has served this purpose, whilst the L1 (a single hole removed)
cavity has a smaller mode volume, it is too leaky; and an L2 has a node at its
centre.

The PhC itself is defined by: the lattice constant (a), the centre-to-centre
spacing of the holes; and the hole radius (r). It is convenient to describe the
dimensions as a fraction of a, as this prevents overlap or hole size from exceed-
ing the lattice parameter. To create the L3 cavity, three holes are removed,
Figure 6.1.

ra

Figure 6.1: Schematic of L3 PhC cavity, with holes (white) etched out of a slab of
material (grey). The PhC parameters are shown: lattice constant, a; and hole radius,
r.

This type of cavity has been successfully used across several wavelength
ranges: in the telecom C band at 1.57 µm with Q = 45, 000 [117]; at ∼ 950 nm
with Q ≈ 30, 000 [137]; and in the visible at ∼ 650 nm, with Q = 1460 [202].
The clear trend here is that Q-factor decreases as wavelength decreases, with
devices for the visible providing Q-factors ×30 lower than in the telecom band.
Other tuning schemes have also been applied: groups of holes at the end of
the cavity can be moved as a group (with hole position tuned using a genetic
algorithm), giving rise to Q ≈ 1, 960, 000 at 1.55 µm [203]; by designing for
longer wavelengths, a longer cavity is permissible, such as an L15 which has
been demonstrated to have Q = 9, 000, 000 at 1.63 µm [204].

The visible light regime is of particular interest as a number of quantum
light emitters are optically active in this region (see Table 2.2). However as the
wavelength of operation decreases, the feature size of the PhC devices must de-
crease as well, with visible light devices having lattice constants of a ≈ 270 nm
and hole radius of R ≈ 0.3a. Shorter wavelengths are also more sensitive to
imperfections in the devices. Defects introduced during fabrication to begin
affect device operation at these small size scales, decreasing performance. Ex-
amples of these defects include: distorted hole shapes (non-circular), roughness
of the hole size-walls, non-verticality of the hole side-walls. These imperfection
increase scattering of light out of the crystal plane, and reduce the reflectivity of
the cavity edges. Work on devices for visible light confinement has progressed
slowly, with Q ≈ 1000 at 683 nm in 2005 with an L1 cavity [126]; Q = 1460 at
660 nm in 2007, from a simulated Q ≈ 4700 [202]; later work in 2010 produced
Q = 1200 at ∼ 648 nm [205]. Actual device performance is ∼ 1

3 of the design
where the device has been simulated prior to fabrication. This is again due to
unavoidable fabrication defects which modify the original design.
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Visible light operation is desirable because there are a number of emitters
that can produce quantum light in the visible: nitrogen-vacancy (NV) centres,
colloidal quantum dots (QDs), carbon nanotubes, 2D materials, and molecules.
Photonic crystals have been unable to adequately service this wavelength region,
fabricated devices are susceptible to imperfections introduced during fabrica-
tion, which reduce actual device performance compared to simulations. There-
fore, a new approach is needed to see if the performance of the L3 cavity can
be pushed further.

6.2 Device Design

To simulate the operation and to optimize the L3 cavity design finite-difference
time-domain (FDTD) simulations were performed [162]. In this case, light was
injected into the cavity region by electric dipoles placed randomly, this is to
ensure approximately uniform coupling of light to the cavity mode. As the
quality of the cavity is quite high (> 300), the electric field is unable to fully
decay in the simulation, preventing Q-factor from being determined directly
from the device resonance spectrum. Instead, the envelope of the decay is
examined using [206]:

Q =
−2πfR log10(e)

2m
(6.1)

where: fR is the frequency of the mode resonance; m is the time constant of the
electric field decay.

The L3 cavity resonance can be modified by altering five characteristic pa-
rameters (shown schematically in Figure 6.2): the lattice constant (a); the role
radius (r); the radius of the holes in the rows above and below the cavity region
(r′′) and at the ends (r′); the end holes can also be displaced from the periodic
lattice positions, by a distance d (applied symmetrically to the pair of holes).

r' r''

ra

d

Figure 6.2: Schematic of L3 PhC cavity, with holes (white) etched out of a slab of
material (grey), showing critical parameters: lattice constant, a; hole radius, r; radius
of cavity end-holes (yellow), r′; radius of holes above and below cavity (blue), r′′;
end-hole displacement, d.

The simulation time for a single device was in the region of ∼ 6 hrs; this
coupled with the need to tune 5 parameters, made a full optimization run pro-
hibitively time-consuming. Instead, parameters were swept individually, with
optimal values being kept; this slowly walked the device design to a maxima.
The result was an L3 cavity with a Q-factor of 4816, with design parameters:

65



CHAPTER 6. PHOTONIC CRYSTAL CAVITIES

a = 270 nm, r = 0.3a, r′ = 0.2a, r′′ = 0.26a, d = 0.2a, membrane thickness
T = a. A simulation of the electric field is shown in Figure 6.3; the tight
confinement of the electric field in the centre of the device can be seen.

x [µm]

y 
[µ

m
]

Figure 6.3: FDTD simulation of the electric field of the L3 cavity, with optimized
design parameters. A dipole source was used to inject broadband light into the cavity.
The simulation shows a localization of the electric field in the centre of the cavity
region.

6.3 Fabrication

Photonic crystal devices were fabricated using a multi-stage planar process,
Figure 6.4, recipes described in section A.2. Firstly a 250 nm layer of silicon
nitride (Si3N4) was deposited onto a {100} Si substrate using plasma-enhanced
chemical vapour deposition (PECVD), Figure 6.4a. PECVD is a process where
precursor gas species are injected into a chamber where a plasma is formed.
Large inductive coils encircle the chamber provided with high-power alternating
current, energizing the plasma. Within the plasma, the precursors react and are
deposited onto the target sample. The photoluminescence (PL) form Si3N4 is
due to defects in the crystal structure [207, 208]. Different deposition techniques
affect the number of defects, PECVD produces impure hydrogen-containing
Si3N4 films [209], which upon examination provided the brightest PL signal. A
bright PL signal is useful as it is able to inject more photons into the cavities, so
can excite more cavity modes and lead to a lower signal-to-noise ratio of cavity
resonances.

Using the simulated L3 cavity design, lithography masks could be prepared;
several variations of the device parameters were made: the lattice constant
(a) was varied ±10 nm; hole radius (r) was varied by ±0.02a. This was to
provide a selection of different sizes to compensate for fabrication defects and
errors. Proximity effect correction was applied to the designs to compensate
for electron scattering during EBL [210]. The mask is broken down into small
parts and assigned dose modifiers. Parts of the mask in close proximity to other
parts to be written receive a lower dose, as scattering of the electron beam will

66



6.3. FABRICATION

(a) PECVD of Si3N4 layer, blue; onto Si
substrate, grey.

(b) Electron beam lithography (EBL) write
of mask onto resist layer, green. Pink re-
gions show exposed areas.

(c) Resist layer is developed to produce a
soft-mask on the top of the substrate.

(d) Inductively-coupled plasma (ICP) dry-
etch, etches downwards through Si3N4 film.

(e) KOH wet-ech process removes Si from
underneath the Si3N4 layer, creating a sus-
pended membrane.

Figure 6.4: Fabrication steps for suspended waveguide structures, shown in schematic
cross-section.

cause the residual dose received to increase so less exposure is needed in these
areas. Conversely, parts that were isolated, such as at the device edges, receive
a higher dose.

EBL is used to transfer the finalized mask to the sample. Prior to this
process the sample was plasma ashed to clean the surface to improve resist
adhesion. CSAR resist was used [211], as it provides the same high-resolution
offered by poly(methyl methacrylate) (PMMA), but is more resistant to plasma
etch processes which would otherwise quickly destroy PMMA coatings. An
electron beam is used to selectively expose areas of the sample, Figure 6.4b,
corresponding to the mask. Developing removes the exposed areas, allowing
access to the Si3N4 below, Figure 6.4c.

The device pattern is then transferred to the Si3N4 layer using ICP etching,
by removing Si3N4 from unprotected areas of the sample (Figure 6.4d). A
plasma is created in a chamber and is heated inductively. The plasma is directed
downwards onto the sample below. This vertical bombardment permits etching
of near-vertical profiles, a key aspect of the planar PhC design. Material is
ablated by bombardment and chemically reacts with species in the plasma,
carrying the material away. This process is highly sensitive and slight changes
in temperature and gas chemistry can alter etch rate, side-wall verticality, and
the selectivity of the etch.

The photonic crystal is able to confine light horizontally, by preventing the
propagation of wavelengths within the bang-gap region. Confinement within
the crystal plane is achieved by total internal reflection due to the refractive
index contrast between the Si3N4 of the PhC membrane (n ≈ 2.03 [212]) and
air (n = 1). This is done by rendering the device a free-standing membrane
by removing the silicon underneath. A potassium hydroxide (KOH) wet etch
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process is used, as KOH reacts with silicon leaving the Si3N4 undamaged2.
The KOH accesses the silicon substrate via the holes of the PhC device. The
KOH etch process is isotropic, attacking the {111} plane preferentially, creating
a tetrahedral-shaped trench underneath the PhC device (this is responsible for
the cross-shaped shadow in Figure 6.5a). The finished chip is rinsed in isopropyl
alcohol (IPA) and dried, rendering the finished L3 cavity device, as shown in
Figure 6.5.

1 µm

(a)

200 nm

(b)

Figure 6.5: Scanning electron micrographs of: (a) L3 PhC cavity, etched out of a Si3N4

membrane, with Si undercut visible underneath device; (b) zoom-in of cavity region.

6.4 Results

The devices exploit PL from silicon nitride as an internal light source to inject
photons directly into the PhC cavity. An example bulk emission spectrum is
shown in Figure 6.6a, under excitation: a continuous wave (CW) laser at 405 nm.
The PL is caused by defects in the Si3N4 lattice [207] which are optically active.
The absorption occurs at 400 nm and emission occurs at 660 nm, this Stokes
shift is caused by the loss of vibrational energy [72]. This broad in-chip light
source is able to excite all modes in a device, which is very useful in identifying
where resonances are without the need to couple resonant emitters. When a
wide area light-source such as a 455 nm light emitting diode (LED) is used, PL
images, such as Figure 6.6b can be taken. It shows bright emission from the
Si3N4 in bulk at the edges of the image and a hotspot in the centre of the device
corresponding to the cavity region. Further detail about the cavity (such as
exact cavity size, or hole positions) cannot be discerned due to the diffraction
limit of the objective.

PL spectra were taken to assess the quality of light confinement within the L3
cavity devices. This was done by using the 405 nm CW laser to excite the central
cavity region of a device, with the emitted PL being collected and a spectrogram
taken. A typical example of a spectrum is shown in Figure 6.7a: superimposed
over the Si3N4 PL continuum are several peaks, similar to previous reports where
multiple features due to cavity were visible in the 600-670 nm region [202]. The
sharp peak at 701.9 nm is shown in Figure 6.7b, with a Lorentzian least-squares

2This is not strictly true, potassium has a high diffusivity and impregnates the Si3N4,
rendering this process non-complementary metal oxide semiconductor (CMOS) compatible.
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Figure 6.6: (a) PL spectrum of Si3N4 in bulk, under 405 nm CW laser excitation.
(b) PL image of an L3 cavity. The cavity in the centre of the device can be seen
to emit brightly, the non-zero background is due to PL from the bulk Si3N4. Taken
using 455 nm LED excitation, with a 550 nm longpass filter (LPF), 2 s integration, 180
acquisitions, room temperature (R.T.)

fit. The peak shown has a line-width of 0.50 nm, resulting in a Q-factor of
1395± 77.
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Figure 6.7: (a) PL spectrum showing an L3 cavity resonance. (b) Peak at 701.9 nm
(symbols) with Lorentz fit (red line), peak width and Q-factor indicated. Spectrogram
taken at 30 s integration time.

The overall trend of Q-factor upon variation of the device parameters is
shown in Figure 6.8, with the current record performance of a Si3N4 L3 cavity
for visible light indicated [202]. The sharp changes in Q-factor with the small
10 nm changes in a, or the ∼ 4 nm changes in r, demonstrate how sensitive
these kinds of device are to modification of device parameters. The maximum
Q-factor of 1395 ± 77 compares unfavourably to the simulated value of 4816.
This is caused by fabrication defects altering the fabricated device to that of
the simulation. However, this is similar to state-of-the-art values of Q = 1460
for similar devices [202].
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Figure 6.8: Q-factor with variation of: lattice parameter, a; and hole radius (different
colours), r, expressed as a fraction of a. The grey dotted line indicates the highest
reported performance of Q = 1460 as reported in [202].

6.5 Conclusions

The design, fabrication and characterization of L3 PhC cavities has been un-
dertaken, with the aim of identifying if further improvements in performance
can be achieved in the visible regime. Simulations indicated that a maximum
Q-factor of 4816 was possible, only marginally higher than previous reports
(∼ 4700), therefore any substantial increase in performance would have to come
from reduced fabrication imperfections; achieved by engineering-out sources of
fabrication imperfections. The maximum Q-factor attained was 1395± 77, not
significantly different to the current record performance of 1460 [202]. Further-
more, the devices show sensitivity to small changes in critical parameters: a
4 nm change in hole radius can cause a drop of ∆Q ≈ 800; and a 10 nm change
in lattice parameter causes a drop of ∆Q = 1200. This shows that highly en-
gineered PhC devices are vulnerable to small changes in key parameters. This
is further evidenced by the fact that with the L3 cavities shown, the ratio of
experiment to simulation Q-factor is low: 0.29 (the ratio for the current record
Q-factor is 0.31 [202]).

Other geometries such as 1-dimensional (1D) photonic crystal nanobeams
have demonstrated higher Q-factors in the visible regime: Q ∼ 6000 at 671.4 nm
[213]; Q ≈ 55, 000 at 623.7 nm [214]; and Q ≈ 5400 at 599.5 nm [215]. Such 1D
nanobeams provide generally higher light confinement as they are less sensi-
tive to fabrication imperfections, as the PhC only confines light in one axis.
However, nanobeams are difficult to couple emitters to, due to decreased de-
vice area. Microdisc cavities have also been able to achieve higher quality light
confinement: Q ≈ 46, 000 at 636.7 nm [216]; and Q ≈ 3, 400, 000 at 654.1 nm
[217]. These devices exhibit many resonances, multiple orders of the whisper-
ing gallery mode of the disc. To reduce light loss at the edges of the device,
they must be fairly large (∼ 20 µm diameter), this causes the mode volumes

to be high (≈ 700
(
n
λ

)3
) compared to photonic crystal devices (≈ 2

(
n
λ

)3
), this

decreases the Purcell enhancement. Also the modes are relatively inaccessible
without the use of tapered fibres [76].
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Ultimately 2D PhC devices in the visible appear to be limited by their
sensitivity to imperfections such as: irregularity of hole circularity, side-wall
roughness and verticality of the etch. The performance in the visible is unable
to be bettered after a decade of improved nano-fabrication techniques, whereas
devices in the telecoms band has improved [204]. This creates an obstacle that
must be overcome: in order to access new applications and physics by using a
range of light sources that emit in the visible light regime, good light-matter
coupling is desired, however the most promising technology appears to have run
out of steam and has plateaued; a new approach is needed.
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Chapter 7

Disorder Induced Anderson
Localization

Very few believed [localization] at
the time, and even fewer saw its
importance; among those who
failed to fully understand it at
first was certainly its author.

Philip W. Anderson
Nobel Lecture (8th December

1977)

D
isordered photonic crystal devices utilize multiple scattering events
to confine light in cavity-like modes. In this chapter, photonic crystal
(PhC) waveguides are fabricated with induced disorder. Anderson
localization is shown in the visible, in a nanophotonic chip, and the

modes are imaged directly for the first time. The modes are spectrally charac-
terized, and compared to state-of-the-art engineered devices. A device utilizing
Anderson localization for light confinement is shown, for the first time, to ex-
ceed the performance of a highly-engineered equivalent. Initial investigations
into the disordered waveguides were carried out by Henry Nelson [218]. Tom
Crane performed the simulations of the photonic crystal, imaged the devices,
took spectral measurements and performed analysis [219] . My contribution
was to fabricate the devices, help with the analysis, make additional spectral
measurements (including finding the 9330 Q resonance) and make additional
analysis, and performing the intensity analysis. The work in this chapter was
published as [125].

7.1 Disordered Photonic Devices

Disordered photonic devices utilize disorder in order to trap light using multiple
scatterings (as shown in Figure 7.1). A macroscopic example of this is if milk is
added to water: the light entering the water now undergoes multiple scatterings
due to the added milk, although this effect is not strong enough to confine the
light locally. By using a photonic crystal, a device can operate in the slow light
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regime where light propagation is more sensitive to disorder [220]. Disorder can
be added in a number of different ways: by displacing holes randomly [221, 222];
by using misshapen holes [223]; by changing lattice constant [224]; and by relying
on intrinsic fabrication imperfections [225]. If light can be scattered multiple
times, in a manner akin to a cavity; what happens when the light is scattered
many times, do cavities form?

Figure 7.1: Representation of multiple scattering of light (green arrow) scattering off
of particles (purple).

7.2 What is Anderson Localization?

Anderson localization was originally developed to explain the behaviour of elec-
trons as they propagate through semiconductors with impurities [226]1. The
classical Drude theory linked conductivity of a material to the mean-free-path
of the electrons, the average distance they were able to travel between collisions
with the lattice. For materials such as semiconductors, the mean-free path of
electrons was theorised to decrease as disorder of lattice through which they
propagated increased (by the addition of impurities or dopants). However, it
was observed that after a critical degree of disorder was applied, this ballistic
propagation came to a stop and the electrons became localized [227].

By reinterpreting the localization as multiple scatterings instead of quantum
tunnelling, it was predicted that localized states would exist near the band
edges of a photonic crystal [228], this allowed photonic crystals to be used
to probe Anderson localization. Furthermore, slow light propagation in PhCs
interacts with disorder resulting in multiple scatterings of light near the band
edge [229]. The added benefit of moving to optical systems, was that photons
do not interact with each other, unlike electrons. In a perfect transmission
medium, light would propagate ballistically; once defects are introduced, the
mean-free-path decreases. Once this reaches the order of the wavelength of the
light, the light becomes a standing wave, and becomes stuck in a small cavity
[230].

Ballistic propagation comes to a stop and the waves are fully localized when
the localization length (ξ) is shorter than the sample size. Localized waves
propagate without any diffusion, and instead exhibit an exponentially decaying
field profile:

I ∝ e
−r
ξ (7.1)

1The original paper is cited as it was the nexus of the field; however this is usually as an
“unrecognisable monster” as Anderson described in 1983. This is the manner in which I do
so now.
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The intensity of the localized mode, I, decays exponentially with distance from
the mode centre, r [231]. This forms one of the major experimental proofs
of Anderson localization – observing modes with an exponential decay. How-
ever, the losses within a system will also manifest as exponential decays of the
propagating wave, making identification of Anderson localization experimentally
difficult.

The transition between the ballistic propagation regime and localization is
dictated by the relative values of: sample size L, the mean-free-path between
scattering events l, and the localization length ξ (the length beyond which dif-
fusive transport cannot occur). The sample size refers to the physical size of
the medium in which the scattering is occurring. The different regimes of prop-
agation are:

L� l, ξ Ballistic Propagation

l� L� ξ Diffusive Propagation

l, ξ � L Localization

If the mean-free-path between scattering events is longer than the sample length,
then the waves propagate ballistically. If the mean-free-path is shorter than the
sample length, multiple scatterings can take place, causing diffusive propagation.

Anderson localization is a wave phenomenon that can be observed in any
wave-like system [227]: electron propagation [232], acoustic waves [233], Bose-
Einstein condensates (BECs) [234], microwaves [235] and optical waves [236].
1-dimensional (1D) localization dependent on the dimensionality of the system
(ξ is shorter) – if it is sufficiently large (ξ � L) then Localization should occur.

The length requirement means that in order to observe Anderson localiza-
tion, a long sample size (or device length) is needed. Waveguides are devices
which can guide electromagnetic wave propagation, and typically have long de-
vice lengths. Photonic crystals provide the ability to tune the waveguide, a
means to introduce disorder and can access the slow light regime. These will
trap a stream of guided light, along which disorder can be introduced. Devices
with Q ≈ 150, 000 have been demonstrated in the telecom C band at ∼ 1.5 µm
[223]; where disorder was introduced by using pentagonal air hole, where the
pentagons of some holes were rotated. At the telecom wavelength, these de-
vices do not match the performance of engineered devices: Q ≈ 9, 000, 000 at
1.57 µm [204]. Waveguides at the shorter near-infra-red have shown Q ≈ 30, 000
at ∼ 940 nm [137]. Disordered PhC waveguides, where disorder is achieved by
randomly displacing the air holes from the perfectly periodic lattice, have shown
Q ≈ 10, 000 at ∼ 975 nm [221].

As Anderson localization uses disorder as a resource for light confinement,
instead of acting as a obstacle (as with highly engineered devices), this may
provide a route to achieving high-quality photonic cavities in the visible light
regime.

7.3 Design of Photonic Crystal Waveguides

PhC waveguide devices were designed using finite-difference time-domain (FDTD)
simulations. Firstly a waveguide within a perfectly periodic photonic crystal was
designed. The process for this was to place a dipole emitter with a Gaussian

75



CHAPTER 7. DISORDER INDUCED ANDERSON LOCALIZATION

emission profile at one end of a waveguide channel (at x = 0.1µm). A Gaussian
profile was chosen as it is a good approximation of the silicon nitride (Si3N4)
photoluminescence (PL) spectrum (as shown in Figure 6.6a, λ ≈ 650 nm), and
the Si3N4 PL originates from defects interacting with a thermal bath. A field
monitor was placed 4.7 µm away from the source, along the waveguide. The PhC
parameters (lattice parameter, a; and hole radius, r) were tweaked to optimize
the electric field flux that passed through the monitor – this was analogous to the
amount of light guided along the waveguide channel. Optimal parameters were
found to be a = 310 nm, r = 0.35a, with a total waveguide length of 100 µm.
This large value of L was chosen to place the device into the Anderson localized
regime. A plot of a simulation of the light guiding is shown in Figure 7.2.

Disorder was introduced to the perfectly periodic PhC structure by perturb-
ing the locations of the holes in the three rows above and below the waveguide
channel. Each hole was displaced from its correct position be randomly selecting
an angle (to provide displacement direction), and a distance. The distance was
randomly selected from a Gaussian distribution with an adjustable standard
deviation. The standard deviation was expressed as a percentage of the lattice
parameter a. These disorders were not optimized through simulation, as it was
expected that small fabrication defects would dominate device performance so
fine-tuning of the devices would be futile. A simulation of a device with 5%
disorder is shown in Figure 7.2, the guided mode can be seen to zig-zag across
the waveguide channel.
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Figure 7.2: FDTD simulations of PhC waveguides with: (a) no intentional disorder;
(b) with the three rows of holes above and below the waveguide channel displaced
from the perfectly periodic structure by a 5% disorder.

The band-structure of the PhC waveguides was calculated using a Bloch
mode expansion (BME) technique [237]. In this technique, the eigenmodes of
a perfectly periodic photonic crystal are described using the magnetic H field
and the dielectric structure of the photonic crystal. By expanding the modes
into a summation, a set of linear equations for the magnetic field are produced.
From these solutions the electric field can be computed, hence the modes of the
photonic crystal can be simulated. The band-structure is shown in Figure 7.3
in wavelength-space, with plots of the modes. The region above the light-line
to the right of the plot is the allowed region. The simulations indicate that
two guided modes can propagate along the waveguide, at the visible and near
infra-red boundary.
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Figure 7.3: Left panel: Calculations of photonic band structure for guided modes with
a perfectly periodic lattice. Where, ω is the photon frequency, a is the lattice constant,
c is the speed of light in a vacuum. Centre panel: Experimentally measured modes in
waveguides with 0% disorder, as a function of energy. Right panel: Calculated profiles
of the mode intensity of the two modes at the edge of the Brillouin zone (as shown in
left); where D is the electric displacement field (D = εE, where ε is the permittivity,
and E is the electric field).

7.4 Fabrication of Waveguides

The waveguides were fabricated using the same process as described in sec-
tion 6.3, with a 250 nm thick Si3N4 layer being deposited. A range of degrees
of disorder were fabricated, from 0% to 10% in 1% steps. Figure 7.42 shows
micrographs of finished devices: the disorder of the three rows adjacent to the
waveguide channel can be seen in Figure 7.4c.

7.5 Photoluminescence Imaging

Using a 455 nm light emitting diode (LED) for wide-area excitation, the PL
emission from the waveguides can be imaged directly: Figure 7.5 shows PL
images for waveguides with increasing levels of disorder. The intrinsic Si3N4 PL
acts as a homogeneous internal light source which can probe all modes of the
waveguide. This is the first time such direct imaging of Anderson localization
has been performed. This allows the direct observation in the far field of confined
optical modes without the need to resort to raster scanning a laser spot [221],
near-field scanning or cathodoluminescence. Prior to fabrication the location
of the modes is unknown, however by using the positioning technique, their
locations can be recovered from PL images.

In the images the waveguide channel is the bright emission feature along the
centre, the photonic crystal region extends above and below to the extent of the
image, the PL in this region is the intrinsic PL form the Si3N4 itself. Waveguides
without any intentional disorder (perfectly periodic, so-called 0% devices) are
observed to have a bright signal from the waveguide channel, without any hot-
spots. Such hot-spots can be seen along the waveguides shown in Figure 7.5,
becoming more prominent as disorder increases, with the 9% disorder exhibiting

2The anisotropic etch of the silicon can be seen as the inverted pyramid under the marker
above the device in Figure 7.4a.
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5 µm

(a)

200 nm

(b)

200 nm

(c)

Figure 7.4: Scanning electron micrographs of: (a) wide-angle view of finished device
(100 µm long), with label; (b) perfectly periodic photonic crystal beside waveguide
channel (bottom); (c) three rows of holes with intentional positional disorder (10%
disorder) beside waveguide channel.
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the brightest. These areas of localized high-intensity are an indication of light
confinement in an optical cavity.

By extracting line-cuts along the waveguide channel the far-field spatial ex-
tent of the cavities can be assessed, shown in the right panels in Figure 7.5.
Gaussian fits of the line-cut data allow the exact locations and an upper limit
of the cavity mode extent to be determined, within a few nanometre accuracy.
This allows a key problem to be addressed: the random location of the light
confinement. By imaging the locations of the modes, their exact locations can
be identified, and emitters can be deterministically coupled to them. The dis-
tribution of spatial extents as a function of disorder is shown in Figure 7.6, the
lowest disorders (0 and 1%) did not exhibit strong hot-spots that could be fit-
ted. The spatial extent of all modes are below 1.2 µm – two orders of magnitude
shorter than the device path length (100 µm) – consistent with localization.
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Figure 7.5: PL images of waveguides with different levels of intentional disorder (3, 6,
and 9%), taken under 455 nm LED excitation. Left panels: Wide-area PL images of
waveguide devices. Right: Line-cuts of regions indicated in left panels by dotted lines
(black symbols) with Lorentz fits (red line). Small adjusted-contrast images of regions
of interest are shown above the line-cuts, highlighting the locations of the modes.

7.6 Photoluminescence Spectra

7.6.1 Spectral Signatures of Localization

Once modes have been identified using the combined imaging and positioning
technique, the spectral signatures need to be examined. The modes can be
individually probed using an excitation laser (473 nm continuous wave (CW)), to

79



CHAPTER 7. DISORDER INDUCED ANDERSON LOCALIZATION

2 3 4 5 6 7 8 9 10
Disorder [%]

0.4

0.6

0.8

1.0

1.2

1.4

Fa
r-

F
ie

ld
F

W
H

M
[ µ

m
]

Figure 7.6: Far-field mode extent as a function of disorder, horizontally offset for
clarity.

provide high-power spot-excitation. Figure 7.7 shows a typical spectrum of the
Si3N4 which was used as a light-source to probe the cavities along the waveguide.
A typical spectrum from a waveguide with no intentional disorder is also shown,
it has multiple sharp and bright resonances above the modified Si3N4 continuum
within the 2 µm-diameter laser spot. Such sharp resonances are a signature of
high-quality light confinement, and appear close to the band edges shown in
Figure 7.3. The result that resonances are observed with no intentional disorder
proves that the intrinsic disorder introduced during the fabrication process is
sufficient to cause light confinement. The spectral resonances change as the
laser is moved across the 100 µm-long waveguide, with many tens of resonances
visible along the full length.
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Figure 7.7: Spectra of: the Si3N4 bulk PL (red); and of a waveguide with no intentional
disorder (black), with multiple resonances visible.

Line-widths are extracted from spectra (Figure 7.8) using Lorentz fits, with
line-widths as narrow as 0.085 nm measured; using Equation 2.9, the quality-
factor (Q-factor) can be calculated. The highest, as shown, is 9330(±800). The
dependence of the emission on the laser power density was examined: laser
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power was varied and spectra recorded, Figure 7.9. The resonance blue shifts
with increasing power, as the heating provided by the laser modifies the local
refractive index. This also modifies the light-confinement of the cavity, changing
the Q-factor. At the lowest of powers, the poor signal-to-noise-ratio leads to a
lower extracted Q-factor.
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Figure 7.8: (a) Spectrum taken from a waveguide device with no intentional disor-
der, under 405 nm CW laser excitation, ad 3.78 nW/µm−2. (b) Zoom-in of resonance
(symbols), with Lorentz fit (red line). Line-width and calculated Q-factor indicated.

7.6.2 Statistics of Optical Resonances

Light confinement within optical cavities along the waveguides relies upon mul-
tiple scattering from imperfections; therefore a distribution of cavity Q-factors
and wavelengths is expected. Light will be scattered along different paths for
different cavities, causing variation in their confinement. The dependence of
Q-factor on degree of disorder is shown in Figure 7.10a. Overall, Q-factors are
measured between ∼ 100 and ∼ 10, 000, with the mean Q-factor decreasing with
increasing disorder. The grey bars indicate mean Q-factors from BME simula-
tions for the different degrees of disorder, which agree well with the experimental
data. Figure 7.10b shows the dramatic shift in the quality of light confinement
as disorder is increased. The decrease in Q-factor, is caused by increased photon
loss from the cavities. Light is confined to the crystal plane by total internal
reflection, from the refractive index contrast between the Si3N4 and air. As
disorder is increased, one can expect the probability that light may be scattered
out of the plane increases, leading to increased losses from the cavities. This
is why the cavities are more visible in the PL images (Figure 7.5) at higher
disorders. This relationship is consistent with previous reports of Anderson lo-
calization [221], showing that the intrinsic disorder from the fabrication process
is alone sufficient to create the highest quality cavities, and no other source of
disorder is required.

The Q-factor of 9330 is the highest reported Q-factor of a 2-dimensional (2D)
PhC device operating in the visible. Furthermore, this is also the first time that a
device operating in the Anderson localized regime has exceeded the performance
of an engineered device. If the ratio, QAL

Q2D
, between the highest reported Q-

factor for an Anderson localized device and their highly-engineered counterpart
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Figure 7.9: (a) Power resolved spectra for the resonance shown in Figure 7.8, where
ρlas is the laser power density. (b) Variation of calculated Q-factors, extracted from
(a), with ρlas.
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Figure 7.10: (a) Statistics of cavity Q-factors as a function of disorder (symbols),
errors calculated from fit parameter covariance, horizontally offset for clarity. Grey
bars indicate mean values for each degree of disorder based on BME simulations. (b)
Histograms of the number of resonances identified as a function of Q-factor, for three
different degrees of disorder (0%, cream; 4%, pink; and 8%, purple).
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(shown in Table 7.1) is considered; it shows that Anderson localized devices
have trailed behind the performance of highly engineered devices. However as
the wavelength of operation shortens, this ratio shifts towards the Anderson
localized devices. As device features become smaller (to operate at the short
wavelengths required for visible light), unavoidable fabrication defects begin to
affect device performance and their ability to confine light. In the visible, where
this effect is most pronounced, disordered devices (where these imperfections
are a resource instead of an nuisance) are able to exceed the performance of
engineered devices. This is an important result, as it provides a route to high
quality cavities in the otherwise inaccessible visible-light regime.

Wavelength Material Q2D QAL
QAL

Q2D

Telecom C Band Si 9, 000, 000 [204] 150, 000 [223] 0.02
NIR (∼ 900 nm) GaAs 30, 000 [137] 10, 000 [221] 0.33
Visible Si3N4 3, 400 [224] 9, 330 2.74

Table 7.1: Record Q-factors for 2D engineered PhC devices (Q2D) and Anderson
localized devices (QAL) for a range of wavelength regimes.

BME simulations were undertaken to calculate mode volume. In fact, this
is the only way of assessing the mode volume of the cavities in these waveguides
without resorting to near-field scanning techniques. Typical approaches measure
the lifetime modification by Purcell enhancement as an emitter interacts with
the cavity, but with these devices there are no single photon emitters; the bulk
Si3N4 PL is used, which is most definitely not a quantum light source [207].
Figure 7.11 shows distributions of simulated mode volumes: the mode volumes

are all below 4
(
λ
n

)3
, where λ is wavelength of the cavity resonance, and n is the

refractive index of the membrane3, giving V . 0.2 µm3. This is larger than the

limit of 1
4

(
λ
n

)3
for the smallest photonic crystal cavity [239]; or ∼ 0.1

(
λ
n

)3
for

the smallest micropillars [240]. However it is smaller reported mode volumes of
∼ 1 µm3 for Anderson localized modes in the near infra-red at ∼ 900 nm.

7.6.3 Anderson Localization

The most concrete proof of Anderson localization is to observe an exponential
decay of intensity with length. This poses a number of experimental difficul-
ties, as many losses are also manifested as exponential decays. To provide a
more experimentally robust criterion, examination of the sharp peaks in the
emission spectrum is used [235]4. Intensity spectra from systems with Ander-
son localization will have multiple, sharp, high-intensity peaks (relative to the
background). Therefore, by calculating the variance (spread of intensities rela-
tive to the mean intensity) of the normalized intensity (normalized to the mean
intensity), the localization can be quantified, whilst ignoring any losses from

3λ ≈ 750 nm, nSi3N4 ≈ 2 [238], so V . 0.2 µm3.
4Clearly, any spectrum with sharp peaks cannot be used, otherwise the L3 cavity devices

in chapter 6 could be declared to be Anderson localized! Instead only spectra from devices
where every other type of cavity or resonator has been ruled out, such as the waveguides,
should be examined this way.
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Figure 7.11: Simulated mode volumes for selected degrees of disorder (0%, cream;

4%, pink; 8%, purple). Volume expressed in units of
(
λ
n

)3
, where λ is wavelength of

the cavity resonance, and n is the refractive index of the membrane. Inset: Example
electric field profile for a cavity mode for a waveguide with 0% disorder.

the system. A spectrogram is first normalized to the mean intensity, then a
histogram prepared. In the case of the spectrogram shown in Figure 7.7, the
Si3N4 continuum was subtracted prior to normalization. The final intensity
plot is shown as Figure 7.12. For non-Anderson localized light, there would be
little-to-no tail at high I

〈I〉 . If Anderson localization is present, there should be

a long monotonic tail, with some high very high intensity points, as is shown in
Figure 7.12. The variance of the distribution shown is 3.3, which is comfortably
above the minimum criterion of 7

3 [221, 235].
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Figure 7.12: Normalized spectrum intensity plot.
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7.7 Conclusions

Photonic crystal waveguides have been designed, fabricated, and characterized
with the aim of demonstrating Anderson localization. Anderson localization has
been demonstrated for the first time in the visible on a nano-photonic chip.

Using the imaging set-up, the first direct imaging of Anderson-localized
modes has been performed, opposed to re-constructive techniques such as laser
scanning, near-field scanning techniques or cathodoluminescence. From these
images the position and spatial extent of modes can be determined. This pro-
vides a means to mitigate the lack of control of position of the cavities, which
spontaneously form along the waveguide channel; they can be mapped post-
fabrication, with nanometre accuracy. The far-field spatial extent provided
hinted that Anderson localization may be present, by placing an upper limit on
mode size – far below that of the device length.

Spectral characterization revealed multiple sharp cavity resonances within
single spectrograms, a signature of light confinement. Q-factors up to ∼10,000
have been observed, which for the first time exceed those of comparable highly
engineered 2D photonic crystal cavities (chapter 6) and heterostructure cavities
[224], and are a record for a 2D PhC in the visible. The final clinching proof of
Anderson localization was provided by examining the intensity distributions of
spectra, assessing the intensity distribution of the resonances.

Cavities for high-quality confinement of visible light are important resources
with a broad array of applications able to benefit: energy harvesting, imaging,
sensing. Applications in fundamental research into the light-matter interaction
can also benefit, for instance: random lasers [241], and cavity quantum elec-
trodynamics (QED) experiments using visible light emitters such as colloidal
quantum dots (QDs) [111], 2D materials [88] or diamond nitrogen-vacancy (NV)
centres [77]. NV centres are of particular interest as these emitters can work at
room temperature and have good spin-coherence [242]. Monolithic devices in di-
amond are difficult to fabricate, so a device incorporating NV centre-containing
nano-diamonds is attractive.

Many modes appear along a single waveguide device, making these devices
attractive for sensing, multiple sites can be measured with a single device. Pho-
tonic crystal based sensors have had limited use, due to scalability issues; issues
which disordered devices are able to overcome. Additionally spatial overlap
between the many modes along the waveguide may provide a network to con-
vey quantum light between sites [29], using coupled Anderson localized modes,
known as necklace states [243]; these would allow quantum light propagation
with Purcell enhanced emission of light in cavities, therefore improved coher-
ence.
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Chapter 8

Sensing with Anderson
Localized Light

“How do you know that anything
else exists?”
“My sensory apparatus reveals it
to me.”

Lt. Doolittle talking to Bomb
№20

Dark Star (1974)

O
ptical sensors are able to detect changes in target parameters (refrac-
tive index, temperature, strain) using an all-optical readout system.
Here the use of the sharp resonances which spontaneously form along
a photonic crystal (PhC) waveguide channel, arising from Anderson

localization, are used for sensing. The sharpness of the resonances provides
a high resolution for contaminant and temperature sensing. This work used
the waveguides fabricated in chapter 7: Tom Crane performed the contaminant
sensing experiment; summer students Hector Stanyer and John Nevin provided
help during the temperature measurements; I performed the simulations to re-
trieve the refractive index, made additional analysis, and made the temperature
sensing measurements. The work in this chapter was published as [244].

8.1 Optical Sensors

Optical sensing is an established field based on transmission, reflection and ab-
sorption spectroscopy. Such sensors can be used in environments with electrical
noise, combustible gasses or where readout throughout a chemical process is
needed.

Photonic crystals provide a mechanism to control light confinement, and
are highly sensitive to modification of the refractive index contrast [118]. This
makes them ideal sensors, as the presence of a contaminant can alter the device
by locally modifying the refractive index contrast between the crystal and air. A
cavity resonance would, when subjected to this change, shift in wavelength; due
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to modification of the photonic crystal bandgap. Sharp, high-quality, cavity
resonances are key to the high performance of these devices; maximizing the
resolution of the device to any change in environment [245].

Such PhC based sensors already surpass plasmonic based sensors, which
can have resonances as broad as 100 nm with simple patterned substrates [246];
alternatively more-complex cup structures have been reported with line-widths
of ∼ 3 nm and sensitivities of ∆λ

∆n ≈ 714 nm/RIU (RIU ≡ Refractive Index
Unit) [247]. Ring-shaped plasmonic absorbers have been developed for the mid
infra-red for bio-medical sensing [248]. PhCs are able to provide much sharper
resonances than plasmonic devices, at the expense of decreased scalability of
fabrication. Current record performance in a PhC platform is reported as:
Q ≈ 7, 500 with a sensitivity ∆λ

∆n ≈ 370 nm/RIU at 1.57 µm [249]; Q ≈ 50, 000

with a sensitivity ∆λ
∆n ≈ 1, 500 nm/RIU at 1.58 µm [250].

The main obstacle to widespread adoption of a PhC-based sensing platform
is the effort required to optimize the fabrication process to reduce fabrication
imperfections. As demonstrated in chapter 6, PhCs devices are sensitive to small
changes in the critical parameters: hole sizes can vary between 1-4 nm between
devices [251], requiring expensive and time-consuming tuning of devices through
multiple rounds of fabrication. furthermore, as shown in chapter 7, unavoidable
fabrication defects will occur, which cannot be engineered around. This has
limited the performance and scalability of PhC devices for most applications.
Devices exploiting Anderson localization, which confine light via multiple scat-
tering, have sharp resonances which are disorder robust: this offers a means
to overcome the challenge of scalability, and level of engineering, required to
exploit PhC sensors.

PhCs cavities have strong field confinement and high quality-factors (Q-
factors), causing the resonant wavelength to be highly sensitive to changes in
refractive index contrast: allowing the development of refractive index sensors.
Most work has been centred in the infra-red, where high-quality cavities are
routinely fabricated. The first demonstration was in 2004 with a device at
1.5 µm and Q ≈ 400 [252]. Other devices have followed in the infra-red: Q = 438
at 1.486 µm and Q = 2742 at 1.488 µm in 2008 [253]; and 50,000 in 2009 at
1.56um [250]. A device for sensing in the visible is based on a 1-dimensional
(1D) silicon nitride (Si3N4) cantilever, a 1 µm wide membrane, with a 1D PhC
region ∼ 10 µm long. It is able to achieve Q ≈ 1700 and perform sensing at
∼ 700 nm [254]. This device is also highly engineered: with great sensitivity
to modification of hole size and spacing. As will be shown, Anderson localized
resonances are already competitive with resonances from these high-engineered
PhC devices.

8.2 Contaminant Sensing

The sensitivity of the PhC waveguide devices in chapter 7 to the presence of
a small amount of contaminant was tested. A suitable position along a waveg-
uide was found: where several cavity resonances were visible in the emission
spectrum, under 473 nm continuous wave (CW) laser excitation power density
of 28 kW cm−2. A small quantity of isopropyl alcohol (IPA) (refractive index of
1.38) was deposited over the device using a micro-pipette. The resultant quan-
tity of IPA within the excitation spot of the laser was estimated to be 20 p` on
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the waveguide area of 1,000 µm3; estimated from volume of IPA applied and the
area of the waveguide region. The experiment was conducted at atmospheric
pressure and at room temperature.

Figure 8.1 shows the time evolution of the emission spectra for the waveguide,
with Figure 8.2 showing a zoomed-in section of the bright resonance. The IPA
was applied at time t = 0, causing the resonances to red-shift markedly: up to
15.2 nm at 40 s (second resonance from right, 764.7 nm to 779.5 nm). Figure 8.3
shows selected extracts from Figure 8.1 for two resonances. At t = 40 s after the
IPA application, the resonance initially at 775.9 nm (panel (a)) shifts by 12.6 nm:
∼ ×30 the line-width of 0.4 nm. Whereas the resonance initially at 764.7 nm
(panel (b)) shifts by 15.2 nm: a ∼ ×100 the line-width of 0.15 nm. The difference
in shifts are due to the two resonances relying on different multiple scattering
paths in the waveguide to form cavities, different pathways which are affected
differently by the modification in refractive index. This proves that the device
provides a high level of sensitivity to contaminants, exceeding the performance
of state-of-the-art devices using PhCs [252]; where a peak of line-width 3-4 nm
shifts up to 90nm for a change in refractive index of n = 1 → 1.5, shifting
∼ ×30 its line-width. It should be noted that the width of the resonances soon
after the IPA deposition are larger than those t > 400 s. This is due to the
resonance shifting wavelength relatively quickly, smearing the resonance over
the spectrometer charge coupled device (CCD) during the 10 s integration time.
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Figure 8.1: Photoluminescence (PL) spectra from a waveguide as a function of time,
under 28 kW cm−2 473 nm CW laser excitation at room temperature, showing wave-
length tuning. IPA was applied to the device at t = 0, causing the resonances to
red-shift, the spectrum taken before application is stretched to earlier times to aid
visibility. The resonances gradually return to their original wavelengths as the IPA
evaporates.

As time evolves the resonances migrate towards the original wavelength, due
to evaporation of the highly volatile IPA from the surface of the device. To un-
derstand the dynamics of the shift, the evaporation was fitted using exponential
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Figure 8.2: Zoom-in on the brightest resonance in Figure 8.1, showing time evolution
of the wavelength shift as the IPA evaporates.
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Figure 8.3: Example spectra (symbols) extracted from Figure 8.1, and their Lorentz
fits (blue lines), for resonances at (before IPA application): (a) 775.9 nm (brightest)
and (b) 764.7 nm (largest shift). Spectra vertically offset for clarity.
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decays. The shift can be described by a double exponential fit (Figure 8.4a,
showing the resonance initially at 775.9 nm):

λ = 775.9 + 1.7e
92.3−t
222.1 + 10.5e

92.3−t
16075.5 (8.1)

An explanation for the dependence on two exponentials, is differing rates of
evaporation of the IPA from the top surface of the membrane and from within
the holes. By extrapolating the exponential fit over several hours, Figure 8.4b,
the eventual return of the resonance to the initial wavelength can be seen. This
is corroborated experimentally by the points in Figure 8.3 at t� 4000 s, which
were taken the following day: the spectra indicate that the resonances have
almost completely returned to their initial wavelengths. This proves reversibility
of the shift, a key property required for these devices to be useful sensors – they
can be reused and would not exhibit strong hysteresis.

0 1000 2000 3000 4000
Time [s]

784

785

786

787

788

789

W
av

el
en

gt
h

[ n
m

]

(a)

0 6 12 18 24
Time [hrs]

775

777

779

781

783

785

787

789

W
av

el
en

gt
h

[ n
m

]

(b)

Figure 8.4: (a) Wavelengths of the optical resonance at 775.9 nm as a function of time,
wavelengths extracted from Lorentz fits of spectra (symbols). Fitted with a double
exponential (red), composed of two component exponentials (blue dashed) which are
vertically offset for clarity. (b) Exponential fit plotted over a 24 hour period, showing
the resonance returning back to its original wavelength.

Simulations were performed to recover the effective refractive index of the
contaminant, providing a means of linking the wavelength shift of the resonances
to a physical quantity. The simulations were performed using finite-difference
time-domain (FDTD), with a waveguide with no introduced disorder. To sim-
ulate the IPA, the holes of the photonic crystal were filled with a material of
variable refractive index: index which was varied from 1 (air filling) to 1.38
(fully IPA filled). The partial filling of the holes was modelled as an interme-
diate refractive index. This produced the relatively linear relationship shown
in Figure 8.5a. The simulations were mapped onto the spectral information
for the resonance initially at 775.9 nm, shown in Figure 8.5b. The changes in
effective refractive index seem to indicate that the holes are not fully filled with
IPA during the experiments: a potential ∼ 30 nm shift could be possible if the
sample were fully immersed.

Suitable calibration of this device would enable, not only verification of the
presence of a chemical species, but also measurement of the quantity via refrac-
tive index change – as a percentage change from that of air.
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Figure 8.5: (a) Simulated resonance shift from central wavelength (∆λ) as the re-
fractive index of the PhC hole filling material is changed. (b) Experimental shifts in
resonance wavelength mapped to simulated refractive index change. Coloured points
correspond to points marked in (a).

8.3 Temperature Sensing

The temperature response of the resonances was also studied. The waveguide
chip was placed into a helium flow cryostat and cooled from 300 K to 10 K; PL
spectra were taken at each 20 K step. As the temperature varies, the refractive
index of the Si3N4 varies. Photonic crystals are sensitive to small changes
in refractive index and to index contrast between the crystal membrane and
the surrounding air, as demonstrated previously (section 8.2). Therefore as
the temperature changes, the cavity resonances shift, Figure 8.6, with multiple
resonances shifting in sympathy. A single resonance can shift by as much as
∼ 2 nm (Figure 8.7a). This shift is fully reversible, and is able to provide a local
temperature measurement from a device as the resonance is due to a cavity
move with a maximum extent of 1.2 µm.

The temperature response behaviour can also be used to temperature-tune
the optical modes into and out-of resonance with the emission from a range of
quantum light sources such as: diamond defect-centres, 2-dimensional materials.
This would be of use in cavity quantum electrodynamics (QED) experiments
where resonant emitter-cavity coupling is required. As the device is cooled the
resonances increase in Q-factor by a factor of ∼ 2 (Figure 8.7b), this could
be caused by a reduction in cavity losses at lower temperatures [255]; showing
that by moving to cryogenic temperatures, the light-matter interaction could
be enhanced further.

8.4 Conclusions

The use of Anderson localized modes within a waveguide for sensing has been
demonstrated. Contaminant (IPA, n = 1.38) sensing has shown shifts of the
cavity up to 100 times the resonance line-width, whilst proving to be fully re-
versible. Additionally, reversible temperature shifts up to ∼ 2 nm have been
observed when cooling from 300 K to 10 K. This shows that disorder-induced
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Figure 8.6: PL spectra from a waveguide device, under 405 nm CW laser excitation
at 28 kW cm−2, as a function of temperature (in 20 K intervals); showing multiple
resonance peaks shifting with temperature. Normalization is applied to individual
spectra. The increased background at shorter wavelengths is due to the Si3N4 PL.
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Figure 8.7: (a) Central wavelength of cavity resonance peaks, extracted from PL
spectra, temperature varied in steps of 20 K. Error bars too small to be visible. (b)
Normalized PL spectra collected at 10 K (purple symbols) and 300 K (orange symbols),
with Lorentzian fits (lines). Full-width half-maximum (FWHM) are shown for both
fits.
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light-confinement in a Si3N4 chip is able to provide high sensitivity, room-
temperature optical sensors. The narrow line-widths of 0.15 nm (Q = 2742)
compare favourably to plasmonic devices (∼ 100 nm [245]). No comparable
2-dimensional (2D) PhC devices exist in the visible [251]; although a 1D sus-
pended device at ∼ 700 nm has shown Q ≈ 1700 [254]. Overall PhC devices
utilizing Anderson localization are able to operate in the visible light regime,
with high quality resonances, providing higher sensitivity over traditional plas-
monic devices.

Multiple high-quality resonances appear along a single waveguide device, al-
lowing multiple sites to be probed simultaneously. The individual cavity modes
can be identified using the imaging technique demonstrated in section 7.5, al-
lowing sensing targets such as single molecules to be coupled to the resonances,
potentially via the use of micro-fluidics [135].

The use of disorder means that they are able to side-step the limitations
to scalability of conventionally engineered PhC-based sensors, as they dispense
with the need for multiple iterations of fabrication to perfect the optimal de-
vice and fabrication parameters. The relaxed conditions for the fabrication of
disordered devices means that alternative fabrication techniques such as nano-
imprint [170] or deep ultra violet (UV) photo-lithography [256] could be used,
removing the requirement of fabrication using slow and expensive electron beam
lithography (EBL).
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Chapter 9

Aperiodic Photonic Crystal
Devices

I have approximate knowledge of
many things.

Demon Cat
Adventure Time (2010)

A
periodic photonic crystals are structures where the hole positions
are not regularly spaced, but use a mathematical progression to po-
sition the holes in a faux-random pattern. Devices with this pattern
were fabricated and examined, they were found to confine light in

the visible regime with quality-factors (Q-factors) similar to photonic crystal
(PhC) cavities. These devices were designed and their performance simulated
by Hossein Alizadeh and Ren Wang. I fabricated the devices, took measure-
ments and have analysed the results. Connor Murray helped with measurements
and analysis of the devices, with Chris White providing assistance during the
measurements and analysis of the disordered devices. The work in this chapter
will be published as [257].

9.1 What are Aperiodic Photonic Crystals?

Anderson localization is difficult to realize in 2-dimensional (2D) systems, due
to an increased number of loss channels. This has launched a search for alter-
native systems that are able to confine light, so that high quality cavities and
confinement can be realized. One such approach relies on aperiodic photonic
crystals [258]. Aperiodicity is where something is not periodic, it is unevenly
distributed, for example the distribution of prime numbers. In this case, ape-
riodicity represents a middle-ground between perfectly periodic PhCs and a
fully-disordered one. Aperiodic structures can be deterministically generated
based upon mathematical rules, which greatly simplifies the design of devices,
as pseudo-random structures can be created repeatedly and deterministically,
and improves scalability.

Perfectly periodic structures, crystals, have X-ray diffraction patterns with
well defined peaks in a regular arrangement. It was realized that aperiodic
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structures can also have these sharp diffraction peaks, and have long-range
symmetry, not as a crystal but as a quasicrystal. The only regular polygons
that can be tiled are n = 3, 4, 6 sided shapes. However, it was demonstrated
that by using two shapes (the kite and the dart), an aperiodic structure can
be tiled over an infinite plane, a technique called Penrose tiling [259]. Such a
pattern has sharply-defined Bragg diffraction peaks, with rotational symmetry.

Aperiodic devices have been realized in systems with multiple dimensions
of periodicity. 1-dimensional (1D) devices consist of dielectric stack gratings
where layers are varied in thickness according to Fibonacci progression, these
devices showed broad resonances of ∼ 20 nm at 650 nm [260]. 2D structures such
as photonic quasi-crystal membranes based on Penrose tiling can be created
with complete photonic bandgaps [261]; lasers using patterns visually similar
to Hadamard transforms have been created, with line-widths ≈ 2 nm [262].
3-dimensional (3D) structures based on icosahedral packing can be fabricated
using bottom-up techniques, and have also shown bandgaps. Initial work was
made with metallic devices in the microwave regime [263], with recent work
resulting in visible lasers at ∼ 590 nm with ∼ 1 nm line-widths [264].

The Vogel spiral is one such mathematically generated aperiodic structure
[265]. They are evident in nature, governing the distribution of sunflower seeds
and the structure of shells [266]. They have recently been used at the structure
for photonic devices [258, 267, 268]. Vogel spirals are defined in polar space
(r, θ) by:

rn = a0

√
n (9.1)

θn = nα (9.2)

where: n = 1, 2, 3... is an integer index, a0 is a scaling factor, α is the divergence
angle. So-called golden angle Vogel spirals (GAVSs) can be created by setting
α to the golden angle, αG:

αG =
360°
ϕ2
≈ 137.508° (9.3)

where ϕ is the golden ratio:

ϕ =

(
1 +
√

5
)

2
≈ 1.618 (9.4)

In reality, ϕ is approximated by using the ratio of two adjacent Fibonacci num-
bers. Large variations in device structure can be achieved by modifying α, small
changes of 0.3° are all that is necessary to completely change the local density of
states (LDOS) and location of localized light in photonic GAVSs [267]. GAVSs
result in isotropic photonic band-gaps [269] in reciprocal-space, which has made
them of particularly attractive for photonic devices as they confine light in all
directions. It has also been shown that Vogel spirals impart angular momentum
to scattered light, creating polarization vortices [270].

The optical properties of the GAVSs are dictated by their LDOS, Figure 9.1.
The LDOS was calculated at the centre of the structure using a Green’s func-
tion finite-element method to calculate propagations of waves between pairs of
points, as described in [267]. The LDOS is characterized by a large number of
peaks on the high-energy band edge, which is where the photonic modes are to
be expected. The spatial distribution of the modes was calculated, Figure 9.2:
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the modes form in a ring around the centre of the spiral structure – the light is
confined by multiple scattering in this region.

GAVS have been shown to have photonic bandgaps, which can be used to
localize light [271]; with simulations showing light trapped in modes encircling
the centre [267]. These have been realized as plasmonic devices, with metallic
cylinders on substrates, where: they have been shown to provide modest ≈ ×2
emission enhancement at ∼ 600 nm via the plasmon resonance [272]; the near-
field has been mapped [273]; and their polarization and angular momentum
dependence studied [270].

Figure 9.1: Simulation of the LDOS for a GAVS PhC device, where ω/ω0 is the
normalized frequency, ω0 = 13.2 × 1014 Hz. Reproduced from [267], under the ‘OSA
Open Access Publishing Agreement’.

9.2 Fabrication of Devices

The GAVS PhC devices were fabricated using the process described in sec-
tion 6.3, using a silicon nitride (Si3N4) thickness of 340 nm. A range of hole
sizes were fabricated (140, 165, 190, 215 and 240 nm), due to concerns about
the fragility of the devices with the desired 240 nm diameter holes; these con-
cerns proved to be true, as the devices with the simulated hole size were too
weak and either partially or fully collapsed. Micrographs of finished devices are
shown in Figure 9.3, with zoomed in images showing how the hole size variation
was manifested.

9.3 PL Imaging

Initial examination of the spiral devices was done using photoluminescence (PL)
imaging. A typical PL image is shown in Figure 9.4a; the device has bright emis-
sion from the centre despite a lack of a mode in this region (as shown in Fig-
ure 9.2), later spectral measurements did not find a spectral feature associated
with this bright spot. The high brightness may be due to very poor confinement,
so there may be a very broad spectral feature associated with it – which was
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(a) (b)

(d) (e)

(c)

(f)

Figure 9.2: (a)-(f) Simulated mode profiles for the first six mode orders.

lost amongst the Si3N4 PL. There is also a bright ring around the edge of the
device; this is believed to be caused by scattering of light, propagating through
the Si3N4 membrane, from the edge of the PhC.

If the contrast of the image is altered to reduce the central bright-spot, a
region of bright emission is seen surrounding the centre of the device, shown in
Figure 9.4b. The ring-like nature of this feature would agree with the integration
of all of the simulated modes shown in Figure 9.2, as the PL image was taken
without spectral filtering, indicating that the light is confined strongly in this
region.

9.4 Spectral Characterization

Devices were probed using a 405 nm continuous wave (CW) laser to excite the
Si3N4, injecting photons into and probing selected regions of the device (within
the ∼ 2.5 µm spot size). Almost all resonances were located in the region be-
tween the device centre and the crystal edge, in a ring-shaped distribution.
Multiple resonances were seen in spectra taken throughout the device, with
one location exhibiting 18 resonances within a 35 nm window, as shown in Fig-
ure 9.5a. Emission lines were fitted using a multi-peak Lorentz fit, one such
example is shown in Figure 9.5b.

9.5 Analysis

Spectra from multiple positions on each device were taken (∼ 16), for several
devices, for the range of hole-size geometries fabricated. The spectral resonances
were fitted to build-up a range of resonance wavelength and Q-factor statistics
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2 µm

(a)

400 nm ⌀hole = 165 nm

(b)

400 nm ⌀hole = 190 nm

(c)

400 nm ⌀hole = 215 nm

(d)

Figure 9.3: Scanning electron micrographs of: (a) Wide view of entire device with
�hole = 165 nm. (b-d) Zoomed-in images of the centre of the devices for three hole
sizes fabricated, respectively: 165 nm, 190 nm, and 215 nm.
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Figure 9.4: PL images of a GAVS device with �hole = 165 nm. Taken using 455 nm
light emitting diode (LED) excitation, with a 550 nm longpass filter (LPF), 2 s inte-
gration, 120 acquisitions, room temperature (R.T.) (a) Full-range colour scale image.
(b) High-contrast image, showing the circular confinement of light around the device
centre, overlaid with a scanning electron micrograph.
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Figure 9.5: (a) PL spectrum taken from a GAVS device with �hole = 165 nm, showing
18 resonances within a 35 nm window. Taken under 405 nm CW laser excitation. (b)
Spectral peak at 682.5 nm (symbols) shown with multi-peak Lorentz fit line.
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9.6. INTRODUCING DISORDER

(Figure 9.6). The distributions are made up of several devices for each hole size.
As the hole size increases the resonances blue-shift, and decrease in Q-factor; the
change is due to modification of the PhC bandgap. The individual distributions
show some clustering of resonances into several bands: for example, with 165 nm
hole size, there is increased density of resonances at 690, 710 and 725 nm. This
clustering is predicted in simulations, as the modes of the structure occur at
discrete wavelengths.
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Figure 9.6: Left panel: Q-factor and peak wavelength for fitted resonances from three
device geometries, showing blue-shifting of resonance distributions as hole diameter
is increased. Right panels: individual plots for each geometry, error bars omitted for
clarity on 165 nm plot.

The occurrence of Q-factors is shown in Figure 9.7. Anderson localized
light would produce log-normal distributions [222], such as those shown in Fig-
ure 7.10b. The histogram for 165 nm holes is similar to a log-normal function,
but there is insufficient data to say with certainty if the Q-factors are distributed
as such at this stage.

9.6 Introducing Disorder

Initial work on the spiral devices started with devices designed to work in the
680-780 nm region; this was changed to better match the Si3N4 PL emission
spectrum, allowing brighter excitation of the modes, for the devices reported
in earlier sections. During the fabrication of these longer-wavelength devices,
unintentional disorder was introduced during the lithographic stage, resulting in
a variation in hole size. Measurements indicated that devices with an intended
diameter of 225 nm, had a mean diameter of 236.6 nm and a standard devia-
tion of 18.8 nm. This variation can clearly be seen in Figure 9.8a. As with the
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Figure 9.7: Histograms of Q-factor occurrence (symbols) for each geometry, fitted with
a log-normal function (grey line).

localized modes in the PhC waveguides, as disorder was introduced hot-spots
became visible in the PL images, Figure 9.8b for example. The increased disor-
der increases the rate of out-of-plane scattering of the light, allowing the modes
to leak more light and become more visible when the emission is imaged. The
PL image shows the modes form in the region surrounding the device centre.

200 nm

(a)

1 µm

400
440
480
520
560
600
640
680
720
760
800

In
te

ns
it

y
[ C

ou
nt

s
s−

1]

(b)

Figure 9.8: Images of a �design = 225 nm GAVS device with added disorder. (a) Scan-
ning electron micrograph of device centre, showing hole size variation. (b) PL image
showing randomly-distributed emission hot-sots. Taken using 455 nm LED excitation,
with a 550 nm LPF, 2 s integration, 120 acquisitions, R.T.

When the distribution of the resonances is examined Figure 9.9a, it can be
seen that these disordered devices have lower Q-factors than those from non-
disordered devices; again, this is the same behaviour seen with the waveguides.
The resonances seem to be grouped into clusters in wavelength-space; similar to
that shown in simulations (Figure 9.9b), which is due to the modes forming only
at certain wavelengths. As with ordered devices, the wavelength blue-shifts as
the hole size increases.

102



9.7. CONCLUSIONS

640 660 680 700 720 740 760 780
Wavelength [nm]

0

200

400

600

800

1000

1200

M
ea

su
re

d
Q

ua
lit

y
Fa

ct
or

(a)
175 nm
200 nm
225 nm
250 nm

680 700 720 740 760 780
Wavelength [nm]

0

500

1000

1500

2000

2500

3000

Si
m

ul
at

ed
Q

ua
lit

y
Fa

ct
or

(b)

Figure 9.9: Resonance distributions (Q-factor and peak wavelength) for four different
hole diameters with added disorder (coloured symbols), with the simulated perfor-
mance (black symbols).

9.7 Conclusions

GAVSs structures have been fabricated in membranes crating aperiodic PhCs.
PL images of the devices show light-confinement in a doughnut-like region sur-
rounding the device centre, as predicted in simulations. Spectral characteriza-
tion shows a distribution of resonances, with a maximum Q-factor of 2201±443.
Exceeding that of comparable L3 cavity systems [224]. Furthermore, as disorder
is added, the visibility of modes when imaged increases, coupled with a decrease
in Q-factor – as seen in Anderson localized systems.

This is an experimental demonstration of light confinement in an aperiodic
system in 2D, which has the advantages of Anderson localization (high-quality
light confinement), whilst removing the requirement of random disorder. These
devices provide an alternative way of modifying the LDOS to that of using
a cavity; this LDOS modification still provides the same benefits of increased
light-matter coupling, such as Purcell enhancement. All of the demonstrations
that have been made in sensing and cavity-quantum electrodynamics (QED)
with periodic PhCs are applicable to this device.

Until now, GAVS devices have been studied in plasmonic systems, looking
at modification of reflected light [272]. This work presents the first time that
these devices have worked in emission, with light being directly injected, and
using a PhC. This opens a new way to explore GAVSs, investigate the statistics
of the light confinement, and investigate if light-confinement using aperiodic
structures shows the same statistical signatures as other localization regimes
[222].
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Chapter 10

Concluding Remarks

“The time has come,” the Walrus
said, “To talk of many things: Of
shoes – and ships – and
sealing-wax, Of cabbages – and
kings, And why the sea is boiling
hot, And whether pigs have
wings.”

Lewis Carroll
The Walrus and The Carpenter

(1871)

Metallic Nanorings

The extraction of light to free space is a obstacle that needs to be overcome; for
instance, when using solid-state emitters that are embedded in high refractive
materials, such as GaAs. A number of devices have been developed to this ends:
micropillars, nanowires and bullseye gratings. However, these devices suffer
from fragility, difficulty of fabrication or narrow band-widths. A new device has
been proposed: the metallic nanoring, which is deposited around a solid-state
quantum dot. By using a confocal imaging and positioning technique, solid
state quantum dot samples can be characterized and the location of quantum
dots (QDs) retrieved. Metallic nanorings were fabricated around selected QDs
using aligned electron beam lithography, metal evaporation and lift-off. The
metallic nanorings increased the emission of QDs, compared to that of bulk, by
up to ×25. These devices no not require specialized growth of the substrate
(as with micropillar cavities), and require only one lithographic step. Their
relatively large feature size makes them accessible via nano-imprint and optical
lithography. The device relies on a lensing effect to concentrate and focus the
emitted light, and is intrinsically broadband. This allows compatibility with
any emitter/substrate combination, such as single molecules, colloidal QDs, or
diamond centres. These nanorings have shown proof-of-concept that they are
able to provide emission enhancement. The metallic nanoring can be used as an
electrical contact, allowing charge tuning of QDs via the Stark effect or direct
electrical injection of carriers. The nanoring could also be coupled to an optical
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fibre, creating a monolithic fibre-coupled single-photon source, as these devices
are planar, whereas other cavity devices are not.

Combined Metallic Nanorings and Super-SILs

The metallic nanoring device was combined with a super-solid immersion lens
(SIL), using a positionable deposition technique, to achieve a high-brightness
photon source. The SIL provided a cumulative enhancement to the ring of up to
×10, and 1st lens fluxes of≈ 1 MHz. This indicates that a potential enhancement
of ×250 is possible with optimally positioned nanorings and super-SILs. Again
this scheme is emitter independent and compatible with a wide range of emitters,
as it is broadband. The super-SIL has already been demonstrated to provide
enhancement of emission from 2-dimensional materials. Combined super-SILs
and nanoring devices mean that it is possible to realize high brightness single-
photon sources in a single solid-state monolithic device, utilizing the best-in-
class performance of solid state quantum dot. The nanorings enhance the lines
from a QD differently, due to them arising from different charged states. The
super-SIL is able to provide uniform enhancement, with enhancement of the
emission for a brighter emitter. By also introducing a bottom reflector, to
capture light lost down into the substrate, the brightness of a single QD can be
increased further; realizing a bright, pure and indistinguishable source of single
photons.

QDs for Plasmonic Applications

Plasmonic devices offer a route to high confinement of the electromagnetic field,
but are generally cut-off from exploiting solid state quantum dot. Plasmonics
confine the electric field on small length scales (10s of nanometres), whereas
high-optical-quality Stranski-Krastanov QDs are typically buried under a com-
paratively thick (> 50 nm) capping layer. Nanohole QDs have been grown with
thin capping layers, but have degraded optical performance, with line-widths
broader than 1 nm. A new annealing technique, internal thermal heating, which
allows in situ annealing of droplet QDs, allows growth of QDs with extremely
thin capping layers of 11 nm; whilst retaining relatively sharp emission lines.
These bright, stable and narrow line-width emitters of single photons can be
coupled to plasmonic devices where fundamental quantum electrodynamics ex-
periments can be performed, as well as using plasmonic antenna devices to
enhance emission of the emitters via the Purcell effect. Plasmonic devices, the
metallic nanorings, can be deterministically deposited around selected QDs, pro-
viding lensing of the emission, Purcell enhancement (for spontaneous emission
rate enhancement and increased indistinguishibility) and electrical control of
the QD.

Anderson Localization of Visible Light

Photonic crystal devices provide control of the optical properties of a material.
However, as devices shift to the visible light regime, fabrication imperfection
begin to dominate, and performance drops. Highly engineered devices such a
L3 cavities, which are highly sensitive to small (. 5 nm) variations in design
parameters, suffer from reduced quality-factors (Q-factors). Disordered pho-
tonics offers a route to realizing high Q-factor devices. By inducing Anderson
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localization using disorder as a resource, high quality light confinement can be
spontaneously made to appear along a photonic crystal (PhC) waveguide chan-
nel. The performance of these devices (Q ≈ 10, 000) exceed that of comparable
highly engineered devices without the high investment of time and number of
iterations to optimize the fabrication process. Furthermore, it has been shown
that locations of the light confinement can be imaged and the positions de-
termined. This represents the first time that Anderson localization has been
directly imaged, and also for the first time demonstrated in the visible light
regime in a photonic chip. The direct imaging allows the randomly distributed
cavity modes to located with nm accuracy. This would allow emitters (such as
a nitrogen-vacancy (NV)-centre containing nanodiamonds embedded within the
bulk material before the PhC is fabricated) to be coupled to the waveguide reso-
nances, exploiting the cavity effect they provide. By using low pressure chemical
vapour deposition-grown Si3N4, the photoluminescence background can be sub-
stantially removed, removing the background of non-quantum light; this would
clear the way for work coupling single photon emitters to the resonances for
quantum applications. The modes also overlap, opening the way for necklace
states, where photons can be passed from mode-to-mode, to be investigated;
this could have application in transmission of quantum information encoded on
photons in a network.

Sensing with Anderson Localization

The sharp resonances provided by Anderson localization can also be used as
high-sensitivity sensors. A single mode was seen to shift by up to 100 times its
line-width in response to the additional of isopropyl alcohol as a contaminant.
This shift was fully reversible and repeatable. Additionally, when cooled (300
to 10 K), resonances blue-shifted by ∼ 2 nm and halved in line-width. Proving
that disorder-induced light confinement can be used to realize high-sensitivity
sensors using a disorder-robust fabrication platform. PhC devices operating in
the visible light regime have had limited scalability, due to the need to carefully
engineer the devices and optimize the fabrication process over many iterations
to mitigate against unavoidable fabrication imperfections. By using disorder as
a resource, this barrier to scalability is removed. PhCs could be used to measure
and quantify a contaminant reversibly. The temperature response of the devices
can be used to tune them to the resonance of a chosen emitter, or to provide
local temperature measurement in a device.

Aperiodic Photonic Crystals

Aperiodic PhCs offer a half-way-house between fully disordered devices and
highly engineered ones. A mathematical relationship was used to procedurally
place positions of holes in a membrane: the Vogel spiral. These devices modify
the local density of states, creating regions of high density near the PhC band
edge where modes can exist in the structure. These devices were fabricated and
shown to have a maximum Q = 2200, again exceeding a comparable L3 cavity.
Such devices are able to achieve light localization in 2 dimensions, relying on
aperiodic structure instead of the disorder which is characteristic of Anderson
localization. This is the first experimental demonstration of light confinement
in a 2-dimensional (2D) aperiodic PhC structure, where the properties can be
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studied in emission (previous demonstrations involving plasmonics worked in
reflection). Therefore, as well as the high-quality light-confinement, these de-
vices can allow further study and verification of the confinement mechanism in
emission, and study of the localization statistics.

Unless I sneakily close the quote
first.”

Oliver Trojak
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Appendix A

Fabrication Recipes

Laws, like sausages, cease to
inspire respect in proportion as
we know how they are made.

John Godfrey Saxe
(1869)

Appendix A.1 Metallic Nanorings

A.1.1 Lithography of Grid

Resist: Dual methyl methacrylate (co-polymer) (MMA) EL6/poly(methyl methacry-
late) (PMMA) 950A4 stack. MMA spun at 4000 RPM, 110°C hot-plate (HP)
bake 2 mins. PMMA spun at 4000 RPM, 110°C HP bake 2 mins.

Step Time [s] End RPM

1 4 400
2 2 400
3 2 4000
4 40 4000
5 1 0

Tool: JEOL JBX 9300FS

Beam condition: ‘100kv 1na 60um’; Dose: 500 µC cm−2; EHT: 100 kV; Beam
current: 1.0 nA; Aperature: 60 µm; Shot pitch 4 nm; PEC layers: 16

Pattern: 30a,µm long, 1 µm wide, crosses in a 6× 6 array

Develop: isopropyl alcohol (IPA):methyl isobutyl ketone (MIBK) 50:50, 50 s;
IPA stop
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A.1.2 Thermal Evaporation

Tool: Edwards 306A

Deposition pressure: 3× 10−6 Torr minimum

1. 7 nm (typical) Cr, 1 Å s−1; Variac: 18

2. Au, 1 Å s−1; Variac: 40; 5 min pause every 50 nm with shutter closed to
allow sample to cool

A.1.3 Aligned Lithography of Nanorings

Resist: PMMA 950A4 spun at 4000 RPM, 110°C HP bake 2 mins

Tool: JEOL JBX 9300FS

Beam condition: ‘100kv 100pa 60um otj’; Dose: 500 µC cm−2; EHT: 100 kV;
Beam current: 0.1 nA; Aperature: 60 µm; Shot pitch 4 nm; No PEC; 4 Chip
alignment cross scan: single scan, low gain, length: 5 µm

Develop: IPA:MIBK 50:50, 50 s; IPA stop

Appendix A.2 Photonic Crystal Membranes

A.2.1 PECVD of Si3N4

Tool: Oxford Instruments Plasma Lab LDS PECVD

1. Table heater to 350°C, 10 s

2. SiH4 12 sccm, NH3 20 sccm, N2 500 sccm. Pressure 750 mTorr, 3 mins

3. SiH4 12 sccm, NH3 20 sccm, N2 500 sccm. Pressure 750 mTorr, RF: 20 W
forward. Deposit 250 nm at 0.28 nm s−1

4. N2 100 sccm, 2 mins

Chamber seasoned for 15 mins before deposition on samples.

A.2.2 Plasma Ashing

Tool: Gala Instrumente Plasma Prep2

5 mins; Ar: 80%; Power: 80 W

A.2.3 Lithography of Photonic Crystals

Resist: CSAR6200.13, spun at 4000 RPM, 120°C HP bake 2 mins.

Tool: JEOL JBX 9300FS

Develop: CSAR developer, 70 s; IPA stop
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Photonic Crystal Waveguides

Beam condition: ‘100kv 2na 60um’; Dose: 280 µC cm−2; EHT: 100 kV; Beam
current: 2.0 nA; Aperature: 60 µm; Shot pitch 6 nm; PEC layers: 16; Dose vari-
ations: 80%, 90%, 100%, 110%, 120%

Photonic Crystal L3 Cavities

Beam condition: ‘100kv 100pa 60um otj’; Dose: 150 µC cm−2; EHT: 100 kV;
Beam current: 0.1 nA; Aperature: 60 µm; Shot pitch 4 nm; PEC layers: 16;
Dose variations: 110%, 120%, 130%, 140%, 150%

Photonic Crystal Spiral Devices

Beam condition: ‘100kv 100pa 60um otj’; Dose: 150 µC cm−2; EHT: 100 kV;
Beam current: 0.1 nA; Aperature: 60 µm; Shot pitch 4 nm; PEC layers: 16;
Dose variations: 40%, 60%, 80%, 90%, 100%, 120%, 140%, 160%, 200%

A.2.4 Lithography of Etch Calibration Pattern

Resist: CSAR6200.13, spun at 4000 RPM, 120°C HP bake 2 mins.

I. probe: 2.4 pA; Spot size: 180 Å; I. target: 1.825 A; EHT: 20 kV; Beam cur-
rent: 12 µA; Aperture: 20 µm; Step size: 12.0 nm; Exposure current: ∼ 44 pA;
Dose: 65 µC cm2; No PEC; Dose modifier: 1.0

Pattern: 3× 100 µm long, 300 nm wide trenches, 300 nm separation arrayed
to form 1 mm long feature

Develop: CSAR developer, 70 s; IPA stop

A.2.5 ICP Etching of Silicon Nitride

Tool: Oxford Instruments Plasma Lab ICP380

1. Preflow: 30 s, 7.5×10−9 mbar, He cooling 10.0 sccm, APC set pressure
5 mTorr. Gasses: SF6 24 sccm, C4F8 44 sccm. Step transition hold.

2. Strike at 5mTorr: 5 s, 7.5×10−9 mbar, He cooling 10.0 sccm, APC set
pressure 5 mTorr. Gasses: SF6 24 sccm, C4F8 44 sccm. RF forward power
21 W, ICP power 1000 W. Step transition hold.

3. Walk to 10 mTorr: 5 s, APC set pressure 10 mTorr. Step transition hold.

4. Walk to 15 mTorr: variable time, APC set pressure 15 mTorr. Step tran-
sition hold.

5. Purge: 30 s, 7.5×10−9 mbar, He cooling 0.0 sccm, APC set pressure 15 mTorr.
Gasses: Ar 50 sccm. Step transition hold.
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Chamber seasoned for 15 mins before etching samples. Etch rate calibrated
before each use (Figure A.1), as the rate varies between uses. Good thermal
bonding of chip to carrier with vacuum grease is essential for a reliable etch
rate. Nominally ∼1.74 nm s−1.

Figure A.1: Cross-sectional scanning electron micrograph of 300 nm wide trenches
etched using inductively-coupled plasma (ICP), into a plasma-enhanced chemical
vapour deposition (PECVD) grown silicon nitride (Si3N4) layer on a Si chip, used
for etch rate calibration and process qualification.

A.2.6 Wet Undercut

Used to etch Si{100} anisotropically, ∼ 2 µm around features which provided
undercut access. HCl step to remove potassium salt crystallization.

1. Etch: KOH; 45% w/w (deionized (DI) water dilution) at 70°C, 15 mins

2. Rinse: DI water; 1 min

3. Neutralize: HCl:DI 1:4 v/v; 5 mins

4. Rinse: DI water; 1 min

5. Dehydration: IPA; 1 min

6. Bake at 110°C, 1 min

Appendix A.3 Colloidal Quantum Dot Substrates

A.3.1 Indium tin oxide (ITO) Growth

Tool: BOC Edwards E500a E-Beam Evaporator

Deposition pressure: O2 flow adjusted to keep chamber at 2.28 × 10−4 mBar
after initial 1 hr pumpdown; Beam current: 11 mA; Deposition rate: 1.8 Ås−1

Oxidization bake in ambient air (furnace vent holes opened) after deposition:
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A.3. COLLOIDAL QUANTUM DOT SUBSTRATES

Step Time [hrs] Start Temp. [°C] End Temp. [°C]

1 1 room temperature (R.T.) 500
2 1/2 500 500
3 4 500 R.T.

A.3.2 CdSe Quantum dot (QD) Coating

Tool: SPS Spin 150 Spin Coater

Solution make-up: CdSeS/ZnS 1 mg m`−1 toluene solution further diluted 1:2
with toluene, 0.18 µ`mm−2 on chip

Step Time [s] End RPM Ramp Rate [RPM s−1]

1 10 1500 150
2 60 1500 150
3 10 1000 150
4 10 500 150
5 10 0 150

A.3.3 Lithography of Metallic Markers

Resist: Dual MMA EL6/PMMA 950A4 stack. MMA spun at 4000 RPM, 110°C
HP bake 2 mins. PMMA spun at 4000 RPM, 110°C HP bake 2 mins.

Tool: LEO 1455VP, with Raith ELPHY Quantum

I. probe: 2.4 pA; Spot size: 180 Å; I. target: 1.825 A; EHT: 20 kV; Beam cur-
rent: 12 µA; Aperture: 20 µm; Step size: 19.2 nm; Exposure current: ∼ 44 pA;
Dose: 110 µC cm2; PEC layers: 16; Dose modifier: 1.2

Pattern: 30 µm long, 1 µm wide, crosses in a 6× 6 array

Develop: IPA:MIBK 50:50, 50 s; IPA stop

A.3.4 Aligned Lithography of Micro-rings

Resist: Dual MMA EL6/PMMA 950A4 stack. MMA spun at 4000 RPM, 110°C
HP bake 2 mins. PMMA spun at 4000 RPM, 110°C HP bake 2 mins.

Tool: LEO 1455VP, with Raith ELPHY Quantum

I. probe: 2.4 pA; Spot size: 180 Å; I. target: 1.825 A; EHT: 20 kV; Beam cur-
rent: 12 µA; Aperture: 20 µm; Step size: 19.2 nm; Exposure current: ∼ 44 pA;
Dose: 110 µC/cm2; No PEC; Dose modifier: 1.1

Pattern: Nanoring mask, fractured to 19.2 nm grid using BEAMER, 6-side poly-
gon fracture; alignment scan boxes in layer 63
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Develop: IPA:MIBK 50:50, 50 s; IPA stop

Figure A.2 shows a feature size test of three designs of metallic nanorings pat-
terned using the above recipe and metallized in Au. A detailed description of
the alignment procedure can be found in [274].

500 nm

Figure A.2: Scanning electron micrograph of metallic nanorings. The three designs
have �design = 400 nm; and wall thicknesses of: 250, 200 and 150 nm (left to right).
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Acronyms

1D 1-dimensional.
2D 2-dimensional.
3D 3-dimensional.

AFM atomic force microscope.

BEC Bose-Einstein condensate.
BME Bloch mode expansion.

CCD charge coupled device.
CMOS complementary metal oxide semiconductor.
CNOT controlled NOT gate.
CNT carbon nanotube.
CVD chemical vapour deposition.
CW continuous wave.

DBR distributed Bragg reflector.
DI deionized.

EBL electron beam lithography.
EMCCD electron-multiplying CCD.
EPR Einstein-Podolsky-Rosen.

FDTD finite-difference time-domain.
FIB focussed ion beam.
FM flip-mirror.
FPGA field-programmable gate array.
FWHM full-width half-maximum.

GAVS golden angle Vogel spiral.

HBT Hanbury-Brown and Twiss.
HOM Hong-Ou-Mandel.
HP hot-plate.
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Acronyms

ICP inductively-coupled plasma.
IPA isopropyl alcohol.
ITH internal thermal heating.
ITO indium tin oxide.

KOH potassium hydroxide.

LDOS local density of states.
LED light emitting diode.
LHe liquid helium.
LPCVD low pressure chemical vapour deposition.
LPF longpass filter.

MBE molecular beam epitaxy.
MIBK methyl isobutyl ketone.
ML monolayer.
MMA methyl methacrylate (co-polymer).
Mo molybdenum.

NDF neutral density filter.
NIR near infrared.
NMR nuclear magnetic resonance.
NV nitrogen-vacancy.

PECVD plasma-enhanced chemical vapour deposition.
PhC photonic crystal.
PL photoluminescence.
PMMA poly(methyl methacrylate).
ps-pulsed picosecond-pulsed.

QD quantum dot.
QED quantum electrodynamics.
Q-factor quality-factor.
QKD quantum key distribution.

R.T. room temperature.
RTA rapid thermal annealing.

SEM scanning electron microscope.
SFWM spontaneous four-wave mixing.
Si3N4 silicon nitride.
SIL solid immersion lens.
SK Stranski-Krastanov.
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Acronyms

SPAD single photon avalanche photo-diode.
SSQD solid state quantum dot.

TE transverse electric.
TM transverse magnetic.

UV ultra violet.

XOR exclusive OR.

ZPL zero phonon line.
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2D materials, 15, 85

acoustic waves, 75
AFM, 59
algorithm

Grover’s, 11
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